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386 Unit 3 Gene Structure and Expression 

✓CHECK YOUR UNDERSTANDING 

Eukaryot ic DNA is wrapped tightly around histones, forming 
nucleosomes, which are then coiled into dense structures 
called 30-nm fibers . Before transcription can begin, the chro­
matin (DNA-protein complex) must be relaxed by chromatin­
remodeling complexes and HATs so that RNA polymerase 
can contact the promoter. You should be able to (1) draw 
and label the structure of a nucleosome and a 30-nm frber 
and explain their function, and (2) compare and contrast the 
structure of DNA in bacteria versus that in eukaryotes. 

18.3 Regulatory Sequences 
and Regulatory Proteins 

Chapter 16 inrroJuced the promoter-the site in DNA where RNA 
polymnase hinds to initiate transcription. Eukarymic promoters 
are locat~ about 30 nucleotides upstream of the poinr where RNA 
polrmcrasc begins transcription. l\•lan)' contain a specific base se­
quence. knmrn as a TATA box, where a sigma-like protein binds and 
allows Ri'IA polymerase to wmact DNA. B:ts.:d on their position 
and function, cuk:tryotic promoters arc much like bacterial pro­
moters. Recall from Chapter 16 that hacteri:1I promoters may vary 
in sequence and hind different types of sigma proteins. Euk:trymic 
genes that arc transcribed by RNA polimerasc II also have pro­
moters thar \"31'}' in sequence, but all cukaryotic promoters arc 
hound b)· the same protcin: the TATA-binding protein (TBP). 

If eukaryotic genes have promoters that interact with the 
same promoter-binding protein. how can transcription be con­
trolled? The answer lies in interactions between regulator)' pro­
reins and regulatory sequences. Eukal'}·otic regulatory proteins 
arc analogous to E. colt's CAP and the repressor protein ana­
lrzed in Chapter 17. Regulatory sequences are scnions of DNA 
that are invoh·ed in conrrolling the :tctivit)' of genes, similar to 
the CAP site and operators introduced in Chapter 17. 

As it turns out, some rcgulatol'}' sequences found in cukarr­
utes arc .-err similar to those observed in bacteria. Others arc 
radicallr different. Lei's take a closer look. 

Promoter-Proximal Elements 
The first rcgulatur)" sequences in cukaryotic DNA were Jiscu1·­
·ered in the late 1970s, when Yasuji Oshima and co-workers de­
,·eloped an important model srstcm to study control of gene 
expression in eukaryotes. Much as Fran\ois Jacob and Jacques 
Monod had focused on lactose metabolism in E.coli, Oshima's 
team set out to understand how yeast cells control the metabo­
lism of the sugar galacrosc. When galactosc is ahsem, )'east cells 
produce tin)' quantities of the enz)•mes required ro metaholize 
it. Bui when galactme is present, transcription of the genes en­
coding these enz)·mes increases by a factor of I 000. 

Oshima and co-workers focused their cnrlr work on mu-
1:lntS that were unable to u~e galactnse. The team's first major 
rcsulr \\'as 1he discovery or mutant cells that failed to produce 
any or the fi,·e enzrmes required for g;1lactosc me1aholism, c,•cn 

if galactose was present. To interpret this obscn·a1ion, ther hr­
pmhcsized that the cells had a knock-out (loss-of-function) mu­
tation that complctcl)· disahled a rcgulatury protein. Like CAP, 
this hrpothesized protein was thought to exert positi,·c control 
over the five genes. ll1c team called the gene GA IA and the 
protein product GAL4. (In S. cere1•isiae, the names of genes are 
\\'rittcn in full caps and i1alici1.cd. As in other species, gene 
names arc italicized hut protein names are not .) 

This h)·pothesis was supported when other researchers isolat­
ed rhc regulatory protein and found that it has a DNA-binding 
domain, :malogous to the helix-turn-helix motif introduced in 
Chapter 17. The domain hinds to a 20-hase-pair stretch of DNA 
lu.:ared just upstream from 1hc promoter for the five genes that 
GAl.4 regulates. The location and struc1ure of this rcgubtol'}' se­
quence arc comparable to those of the CAP binJing site in the lac 
operun of E. co/i_ Similar regulatol'}' s.:quenccs ha,·e now httn 
found in a wide array nf eukal'}·otic genes and species. B«ausc 
such sequences arc located close to the promoter and bind regu­
latorr proteins, thcr arc termed promot•r•proximal •'-m•nts. 

,\s Figure 18.5 shows, promoter-proximal clements are just 
upstream from the promoter and the gene's start site; the exons 
and introns that make up the actual gene arc farther down­
strc,1m. Unlike the promoter itself, promoter-proximal clements 
ha,·e sequences that arc unique to specific genes. In this W3)', 

thcr furnish a mechanism for eukaryotic cells to exert precise 
control O\'er transcription. 

The disco\'er)' of positive control and promoter-proximal cl­
ements provided a satisfying parallel between gene regubtion 
in bacteria and in eukaryotes. This picture changed, howe,·er, 
when researchers Jiscovcred a new class of eukal'}·otic DNA 
rcgulatul'}' sequences-sequences unlike anrthing in bact~ria. 

Enhancers 
Susumu Toneg.1wa and colleagues made a discovery that may 
rank as the most startling in the history of research on gene ex­
pression. Tonegawa's group was exploring how human immune 
system cells regulate the genes involved in the production of anti­
bodies. Antibodies arc proteins that hind to specific sites on 
other mol<-cuk·s. In your immune system, antibodies bind 10 

,·iruses and bacteria and mark them for destruction b)· other 

Proioter r Stan site 

~ ~ ri,;;....-:~:i..~~~ ,T<;J~~I\)(A),I 

I Exon In Iron Exon lntron 
Promoter-proximal 
element 

FIGURE 18.5 Promot•r-ProxlmAI El•ments Regulate th• 
Expression of Some Eukaryotlc G•nH 

Exon 

All •ukaryotic genes have promoters, the sites wher• RNA polymera•e 
inilially is in contact with the gene. Exons and intrans are not drawn to 
scale throughout this chapter. They are typically very large comparl!d 
with promoters and promoter-proximal (regulatory) elements. 
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cells. The antibody gene 1hat 1he researchers were wurking wi1h 
is broken into many introns and exons. lnrrons ore DNA se­
quences spliced out of 1hc prim.111· mRNA transcrip1; exons arc 

regions of cukaryo1ic genes 1ha1 art included in 1hc mature RNA 
once splicing is complete. The l>iologisrs um l techniques that 
will be introduced in Chapter 19 to place copies of an intron in 
new loca1ions and had found 1ha1, when they placed 1he intron 

close to a gene, the gene's transcription rate ina,-ased. llascd on 
, this observation, Toncgawa nnd co-workers hypmhesized th.u 

the intron contained some sort of regulatOI')' sequence. 

Chapter 18 Control of Gene Expression in Eukaryotes 387 

To test th is hypothesis, the hiologim performed whar is now 
considered a classic experiment (Figure 18.61. The protocol was 
simple in concept: Starting with a human anrihody-pro<lucing 
gene 1ha1 indudcd an intron flanked by two cxons, as shown in 
step I of Figure 18.6, the team remo\'cd different portions of the 
intron and nhscn ·ed whether transcript ion nf the gene s1ill took 

place. The researchers used enzymes IO cut out specific pieces of 
the intron in multiple copies of the gene 1s1cp 21 and 10 lig3tc rhc 
resulting seciions b,tck together (step 3 ). F.nch of rhc modified 
genes w.1s missing a different SCC1ion of the intron. Then the rea m 

Question: Can a regulatory sequence in DNA be located far from the promoter? 

Hypothesis: A regulatory sequence exists far from the promoter of an ant ibody-producing gene-in an intron. 

Alternative hypothesis: Regulatory sequences are located close to the promoter-not in Intrans or in other distant sequences. 

Experimental setup: Antibody-producing gene 

, ~-. :, "u ·1-0~~~ ~ Noncodlng 
lntron Exon flanking region 

D 
Enzyme 

0
~Q.o~~'i11Qi Fv+; LUuQ~w~~ 

Promoter 

lntron deletion 

Normal human 
antibody-producing 

cen 

c,~~iliOMM':O•. 0·0 ~ t: 
Promoter Exon lntron Exon 

.,~ 

Control mouse 
cell (no gene 

inserted) 

Intact gene 
(as in cell 1) 

lnmouseeell 

r 
/ 

Modified genes 
In mouse cell 

Prediction: Transcription will be reduced when part of the intron is deleted. 

Prediction of alternative hypothesis: Transcription will not be affected by deleting part of the intron. 

Results: ! 

1. An antibody-producing 
gene In humans has a 
large lntron. 

2. lJ$e enzymes to CtJt out 
specific sec1ions of the 
intron. (Several sections went 
CtJt out-only one example 
is shown.) 

3. Use an enzyme to 
put ONA fragments 
back together. 

4. Introduce intact or 
modified genes into 
mouse cens. which do 
not nonnally ptoduce 
this protein. Different 
types of mo<flfied genes 
are missing different 
portJons of the lntron. 

Amount of antibody I mRNA produced Genes that havo a specific sect ion of £/ lntron dofoted ore not transcribed 

L---.---..... --.----+-

Conduslon: The deleted part of the lntron must contain a regulatory sequence t~at is re~uired for transcription. 
Thus, regulatory sequences In DNA may be located far from the promoter-In th,s case, in an lntron. 

FIGURE 18.6 Evidence That Enhancers Ar• Required for Transcription 
Q UESTION Vlhy t.l cl tiv.• 'l•~c,_; , cf l' ' ~ .:!'i H : s, mf.'NJ\ r,•udu: 11r11 1•1 ! 11: : 1n .,,•11-. t!•·•! rl 11110 1 •• '0:t.• .l' ,l ll' G, l 11rd 01 "" .~.: ! ;:•· 
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Promoter r Stan s1to 
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FIGURE 18.7 Enhancers Are Far from the Genes They Regulate 
Eukaryotic genes often have more than one onhancer. Enhancers can bo locatod either 5' or 3' to the gene 
they regulate or in introns and can be located tens of thousands of base pairs away from the promoter. 

ins,meJ different wr.;ion, of rhe gene into mou,c ,·di,, which do 

nm nornully contain the antihodr-prrnlucing i;enc. Some mouse 

cells rcccil'ccl normal copies of the gene; some r.-cei,·ed copies of 

the gene missing different ponions of the intron: some receil'ed no 

g,·ne (step 4). Finally, the researchers analr,cd rhe mRNAs that 

wcrt· produced and compared them with mRNA from a normal 

human cell 3nd from mouse cells that received the normal gene. If 

rhcir hypothesis was correct and a rq;ulatory sequence was l,,cat­

cd inside the intron, then some of the modified gcnc·s should lack 

that sequence. Transcription should he r,-duc,-d in genes bckin~ 

the n1;ubtory sequence. 

As the -Results- of Figure 18.6 shows, some of the modi­

fied copies of the gene were nm transcribed at all. The message 

is clear: The gene is nor transcribed if certain parts of the in­

tron arc missing. Toncgawa and co-workers proposed that the 

intron contains a regulatory sequence that is required for 
tr3nscription to be acti,·:ued . 

This result was remarkahle for two reasons: I I) the regulato• 

rr sequence was thousands of bases aw3y from the promoter, 

and (2) it was downstream of rhc promoter instead of upstream. 
Regulatory clements that arc for from the promoter arc termed 

enhancers. Follow-up work has shown that enhancers 0<:cur in 

all eubryotes and that ther have several ker characteristics: 

• Enhancers can be more than 100,000 bases away from the 

promoter. They can be located in imrons or in umranscribcd 

5' or J' sequences nanking the gene (sec Figure 18.7). Re­

searchers have )'Ct 10 find enhancers located in cxons. 

• Like promoter-proximal clements, man)' !)•pcs of enhancers 

exisr. Diff,·rent genes arc associated with different enhancers. 

• Enhancers can work e\'en if their normal 5' .... 3' orientation 

is nipped. 

• Enhancers can work e,·en if they arc moved ro a new loca ­

tion in rhc \'iciniry of rhc gene, on the same chromosome. 

Enhancers arc regulatory sequences rhat arc nnique to eu ­
karyotes. In nddirion, cukarrmic ~cnomes contain regulatory 

sequences that are similar in srructurc to enhancers hur oppo­

site in function . Tlu-~t" st·qucrn.:t·s arc silencers. \X'hen si lc:m:t'rs 
are ac1i1·e, they shut down rrans.riptinn. 

Once enhancers and silencers had hem characterized, ir was 

d,·ar that they rrprcscnred a trpe of regulatory sequence that 

worked verr difforrnrly than pr1111101cr-proximal demems did. 

For example, there was t,;ood e,·idcncc that GAL4 and other 

types nf regulatory proteins hind to promoter-proximal dcmcnts 

and interact direct!)· with TBI' or RNA polymcrasc. These inter­

acrions stabilize binding and promote transcription. But how 

could a regula1ory sequence rhat is distant from the promoter 

help initiate rranscription? 

How Do Enhancers Work? 
An experiment that followed up on Toncgawas work with anti• 

hodr-producing genes supponcd the hypothesis that enhancers 

are binding sites for proteins that regulate transcription. As 
Figure 18.8 shows, researchers cur the enhancer sequence from 
an antibody-producing gene and spliced i, into copies of the gene 

that codes for the protein /3-globin. When this modified gene 

was inscned into antihod)·-producing cells, which nonnallr do 

not express the gene for /3-globin, rhe /3-globin mRNA was 
produced. This resul, sui:gem rhar antibody-producing cells con­

min some factor that interacts specifically with the antilxxlr­

producing gene's enhancer to induce rr.rnscriprion. Follow-up 

work showed that the factor is a regulatory protein. Enhancers 
arc regulatory sequences where regulatory proteins bind. 

By analyzing mutant yeast, fruit flies, and roundworms that 

ha\'e defects in the expression of particular genes, biologists 

have identified a large number of regulatory proteins rhat bind 

to enhancers and silencers. This research program has sup­

ported one of the most general conclusions ahout gene regula­

tion in eukaryotes: In multicellular species, different types of 

cells express different genes because ther contain diffen:nt reg­

ulatory proteins. These regulatory proteins, in tum, arc pro­

duced in response to signals that arrive from other cells early 

in embryonic development. For example, a sign3ling molecule 

might arrive at a cell early in development and trigger the pro­

duction of regulatory proteins that arc specific to muscle cells. 

llecause the regulatory rrotrins bind to specific enhancers and 
silencers and promoter-proximal elements, the)' trigger the 

rroduction nf muscle-specific proteins (Figure 18.9). If no 

"hecomc a muscle cell" signal arri,·cs, then no muscle-specific 

regulatory proteins are produced nnd no muscle-specific gene 
rxrression takes place. 

To summarize, differential gene exprc.'Ssion is l,3 sed on the 

production of specific regul.1tor)· proteins. Eukaryoric genes arc 
turned on when specific regulatory proteins bind to enhancers 

and prumorer-proximal clements; the i:enes are turned off 
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Question: What is the role of enhancers In gene expression? 

Hypothesis: Enhancers are binding sites for regulalory proteins that activate lranscrlption. 

Null hypothesis: Enhancers are not binding siles for regulalory proleins lhat activate transcription. 

Experimental setup: Modified DNA . Control DNA 
Antibody•produc,ng gene ~ (enhancer+ P•glob.n) \ / ,p.g!ob,n onf/) 

t, Exon lntron ~ - E~ •~ q \ 1110 

+ '-♦ _.- 3. Insert mod1f,ed p-globin gene or a conttol (unmod<fie<f, 

1. Use an enzyme to cut the enh.lneer out 2. Insert enhancer neilf coding p-globln geno into ant ibody-producing cen, . which usually 

ol lhe lntron of the antibody-producing gene. sequence for p-globin gene. do not e,press p-globin. 

Prediction: ll•Globin mRNAs wlll be produced In the cells with enhancer present but not In the control. 

Prediction of null hypothesis: ll·Globin mRNAs will not be produced in eilher group of cells. 

Results: ! 

Amount of p-globln I 
mRNA produced 

~-~-----..--
Enh.lncer present Enh.lncer absent 

Conclusion: Antibody-producing cells must contain a factor that interacts specifically with the enhancer for the 
antibody-producing gene and results in transcription. 

FIGURE 18.8 Evidence That Enhancers Are Involved in Tissue-Specific Expression of Genes 

Researchers attached the enhancer sequence from an antibody-producing gene to the coding sequence for 

the P-globin gene. The altered gene was eJr.pressed in antibody-producing cells, which norm.illy do not 

produce Jl•globin. 

EXTRACELLULAR SIGNALS TRIGGER CELL-SPECIFIC GENE EXPRESSION. 

&tracellular 1. Signal arrives at cell with message: 
signals 'Become a muscle cell." 

-~=- r . . p. ·. 
_,-<::;;~~::~• n:.::.:~_':::_:::-:::::.::::?:-:::-:--: >--·· ~ • Cd:::::. -··-;:.. -..:· .. --·· u 2. Regulatory proteins are pr~~ced ·-. : : 1-~ •.._, . 

--: : Regulatory proteins In response to signal. 

:;;: · 3. Regulatory proteins bind to regulatory sites In ONA. 
triggering e,presslon of muscle-cell-specific genes. 

element TRANSCRIPTION 

: -...(\ , ,(-\,(',\_,C,\.-(•\...,C--,li~ (" ' ( .G,Q'..,01 J'\MX)G{ 

Prornoter-pro<1ma~, 

Enhancer ~ \ Exon lntron Exon lnlron 

Gene lor muscle-specilic protein 
Promoter RNA 

polymerase 

FIGURE 18.9 Why Are C•rt•ln Proteins Produced Only In Certain Types of Cells? 

fW ~"'~•~,(.--tl{ .. ~ f",i(. :-(·~ \.• 

Exon Enhancer 

SigniJling molecules from outside the cell tr igger the production or act ivation of cell-specific regulatory proteins , which 

then influence transcrip1ion by binding to enhancers, silencers, or promotcr•prox.im.ll elements in DNA 
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wh,·n rcgubrory proteins bind to silencers. Distim:ti,·e regulato­
ry proteins arc what make a muscle cell a muscle cell and a 
bone cell a bone cdl. 

I-low do the interactions hcrwcen rcgubtory proteins and 
DNA sequences control transcription? As we'll sec in the next 
section, the initinrion of trans.:ription is a 111,irvclously wrnplcx 
process in eukaryotes. h requires the coordinated acti,·it)' nf 
man)' t)·pes of proteins interaicting with each other and a rnri­
ety of DN:\ sequences. 

✓CHECK YOUR UNDERSTANDING 

Eukaryotic genes have regulatory sequences called promot­
er-proximal elements close to their promoters and regulato­
ry sequences called enhancers or silencers far from their 
promoters. You should be able to (1) explain the logic of the 
experiment that led to the discovery of an enhancer in an in­
tron, and (2) compare and contrast regulatory sequences in 
the DNA of bacteria versus those in eukaryotes. 

18.4 Transcription Initiation 

After sel'eral decades of research, many questions remain 
abont how transcription is initiated in eukaryotes. It is clear, 
howe\'er, that two broad classes of proteins interact with reg­
ulatory sequences at the start of transcription: (I) regulatory 
transcription factors and (2) basal transcription factors. 
Regulatory transcription factors arc proteins that bind to en­
hancers and promoter-proximal elements_ These transcrip-
tion factors arc responsible for the expression of particular 

~ genes in particular cell types and at particular stages of de­
! ,·clopmtnt. Basal transcription factors, in contrast, interact 
; with the promoter. Basal transcription factors must be 
~ present for transcription to occur, but they do not prol'ide 
-~ much in the wa>· of regulation_ TBP is a basal transcription 
.2 factors that is common to all genes_ Other basal transcrip-
~ rion factors are specific to promoters recognized b)· RNA 
~ polymerase I, II, or IIL 
. 2 In addition, proteins called coactivators are inl'Oll'ed in start-
c. 
~ ing transcription. Coacti\'ators do not hind to ONA. Instead 
• the)' link the proteins in\'olvcd in initiating transcription­
! rcgulnrory tri1nscrjp1ion foctors and basal transcription factors. 

Figure IS.JO summarizes the current model for how tran­
scription is initiated in cukarrotes. The first step is the hinding 
of regulator)' transcription factors to DNA; these factors recruit 
chromarin-rcmodcling complexes and histonc acetyl transfcrascs 
(HATs). The result is chromatin remoclding, a loosening of rhe 
chromatin structurl'. Once the chromatin-remodeling complexes 
and 1-1.-\Ts arc in place, thty open a broad swath of chromatin 

\ r '11 that includes the promoter region (step 2)_ . 
~ Once chromatin's grip is relaxed, other regulator)' mm-

- scription factors can bind cnh.111cers and promoter-proximal 

clements. When these rei;ularory transcription factors arc 
bound to DNA, the)' interact with basal transcription factors. 
Because enhancers arc located far from the promoter, the rei;u­
latory transcription factors arc: normal!)' far from the basal 
transcription factors. For the two sets of proteins 10 makc con­
tact, DNA has to loop 0111 and awa>· from the promoter, as 
shown in Figure 18.10 (step 3). When all of the basal tran­
scription factors have asscmhled at the promoter in response 
to interactions with regulatorr transcription factors and co­
acti\·arors, the)' form a multi-protein m,tchinc called the 1 

basal transcription complex. Thr basal transcription complex 
then "recruits" RNA polymcrasr II so that transcription can 
begin (step 4 ). 

Figure 18.11 prol'ides a closer look at the basal transcrip- ' 
tion complex as it is assembled at the promoter. Construction 
of the complex begins when TBP hinds to the TATA hox. In a 
muhistcp process, as many as 60 other proteins then assemble 
around the DNA-hound-TRP_ The assembl)· process depends 
on interactions with regulatory transcription factors that 
arc bound to enhancers, silencers, and promoter-proximal 
clements; the result is the formatiun of a basal transcription 
complex that can position RNA polymerase: II in a way that 
initiates transcription_ Compared with the situation in bacteria, 
where just 3 to 5 proteins may interact at the promoter to ini­
tiate transcription, the state of affairs in eukaryotes is remark­
ably complicated. 

Currcntlr, biologists arc focused on understanding rxactl)· 
how regulatory and basal transcription factors interact to 
control the formation of the basal transcription complex. 
Gi\'en the number of different proteins in\'olved, progress 
may be slow. Progress is important, howc,·er, for transcription 
initiation lies at the heart of gene expression. Careful regula­
tion of transcription is critical not onl>· to the dc\·elopment of 
embr)'OS but also to the daily life of eukaryotes. Right now, 
cells throughout your body arc starting and stopping the tran­
scription of specific genes in response to signals from nearby 
and distant cells. As the cn\'ironmcnt inside and outside your 
body continually changes, your cells continuallr change 
which genes are being transcribed . 

✓CHECK YOUR UNDERSTANDING 

Transcription initiation is a multistep process that begil'IS when 
regulatory transcription factors bind to DNA and recruit pro­
teins that open chromatin. Interactions between regulatory 
transcription factors and basal transcription factors result in 
the formation of the basal transcription complex and the ar­
rival of RNA polymerase at the gene's start site. You should 
be able to compare and contrast the sigma proteil'IS and regu­
latory proteil'IS observed in bacteria with the basal and regula­
tory transcription factors found In eukaryotes. 
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THE ELEMENTS OF TRANSCRIPTIONAL CONTROL: A MODEL 

Regulatory transcription fa 

. I 
1. Regulato,y transcription 

• ~~ \ factors recult chromatin-/ i9 . f. \._ ~~~~~~~~~::lex and 

~ •· .. ~_•_condenses 
••• posed 

•••••• • ONA • •• 
···--... 

Promoter-proximal elem n 
Basal transcription com r :✓i 

\'.'Y'"i:\.'.,, , 
C.-' I,. 

6 
c ~-

l 'C'\; 

Exon lntron ~ 
Gene for muscle-specific protein 

FIGURE 18.10 The Elements of Transcriptional Control: A Model 
According to the currently accepted model. transcription is initiated through n series of steps. 

Exon 

Basal transcription complex 

2. When chromatin 
decondenses, o region of 
ONA Is exposed, includ,ng 
the promoter. 

3. Regulatory transcripoon 
factors rec,u,t prot.,;ns of 
the basal transcription 
complex to pr0f'1'l0ter. 
Note looping ONA 

4. RNA polymerase and 
the bas.at transcription 
complex join to form the 
initiation complex; 
transcripUon begins. 

Basal transcription factors Other basal transcription factors 

FIGURE 18.11 Many Proteins 
Interact at the Start Site for 
Transcription 
Basal trarucription factors associate 
with TBP when it binds to the 
promoter. The basal transcription 
complex also includes other basal 
transcription factors and RNA 
polymerase II . 

associated with TBP 

Promoter-proxlmal 
ejement 
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18.5 Post-Transcriptional Control 
In rh,· process oi regulating ,::cm• cxpres<inn, chromatin re• 
mndding and rranscriprinn arc just the start of the stor)'. 
On.:c :rn rnRNA is made, a series of e\'ents have to occur if the 
final product is going to affect the cell. Each of these events 
niiers on opporrunirr IO n·gulare gene ,•xpression, and each is 
u,cd in some cells ar least some of the time. Control poinrs in­
dude splicing mRNAs in various ways, altering the rare ot 
which rronsbtion is initiated, and modifying the life span of 
mRNAs and proteins after translation has occurred. l.rt's 
consider ,·ach in rurn . 

Alternative Splicing of mRNAs 
lntrons are spliced out of primarr RNA trnnscripts while the 
message is still inside the nucleus. The mRNA that results from 
splicing consists of sequences that arc encod,·d hr c:rnns and 
arc protected by a cap on the 5' end and a long poly (Al tail on 
rhe .l' end. Recall from Chapter 16 rhat splicing is accom• 
plished hr the molecular machines called s/iliccnsomes. What 
that chapter did not mention. however, is rhat splicing prm·ides 
an opportunity for the regulation of gene expression. 

During splicing, changes in gene expression nrc possi ble be­
cause sdected cxons, as well as introns, may be rt'lllO\'eJ. As a 
result. the s.1me primary RNA iranscript can riclJ marure, 
processed mRNAs with se\'eral different combinations of tran• 
scribed exons. This is important, because, if the sequence of ri­
bouuclentides in the mature mRNAs con ,·ory, then the 
polypeptides translated from those mature mRNAs con also 
vary. When the s.1111c primary RNA transcript is spliced in dif-

(a) Tropomyosin gene 

fcrent ways to produce different mature mRNAs and thus dif­
ferent proteins, alternative splicing is said ro occur. 

To sec how alternati\·c splicing works, consider the muscle­
cell prorein rropom)·osin. The rropomyosin gene is cxpre<Sed in 
both skeletal muscle and smooth muscle, which ore disrincr 
muscle rypes. (Skelcral muscle i~ rcsponsihle for moving your 
hones; smooth muscle lines man)' pam of )'our gut and certain 
hlond vessels. The rwo types uf muscle arc composed of dis­
rinct types of muscle cells.I As Figure 18.lh shows, the pri­
mary transcript from the trupomymin gene contains 14 cxons. 
In skeletal muscle and smooth muscle cells, different subsets of 
the 14 exons arc spliced together to produce rwo different mes­
sages for translation (Figure 18.12b). Each mature mRNA con­
tains information from o different comhinarion of cxons. As o 
result of alternorivc splicing, the tropom)·min proteins found in 
rh,-se two cell types ore distinct. One of the reasons thar skele• 
tal muscle and smooth muscle ore different is that the)' contain 
different types uf trnpomyosin. 

Alternati\•e splicing is cunrrolled h)' regulator)' prorcins that 
hind rn mRNAs in the nucleus and interact wirh spliceosomes. 
When cells that arc destined m become skeletal muscle or 
smooth muscle arc developing, they receive signals leading ro 
the production of specific proteins that ore acth·c in the regula­
tion of splicing. Instead of transcribing different ,·crsions of the 
tropom)·osin gene, the cells splice the same primary RNA tran­
script hut in different ways. 

Although altcmath·c splicing of RNA was viewed as a cu­
riosity until about o dcc;ide ago, onitudes hove changed. Alter­
nati\·e splicing is now considered to be o major m~hanism in 
the control of gene expression in multicellular eukaryotes. In 

;-c\ ,(l':),J'~ .-. -~ :6W ~ JX:l M K'1 

~ 
Exons lntrons 

(b) Processed mRNAs 

Skeletal muscle ~ Some exons are specific to tropomyosin 

Smooth muscle 

,n skeletal muscle or in smooth muscle; som<! 
?"'~ e~ons me common to both muscle types 

t ;:-_~ . 

FIGURE 18.12 Alternative Splicing Produces More than One Mature mRNA from th• Same Gene 
(a) The tropomyosin gene has a large series of exons and introns . The purple exons are found in 
skeletal muscle tropomyosin, and 1he blue exons are found in smooth muscle tropomyosin. The 
orange exons are found in the tropomyosin of both types of muscle cells. (b) In skeletol and 
smooth muscle cells, alternative splicing leads to the production of distinct mature mRNAs for 
the tropomyosin protein. 
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fruit flies, for example, the gene that determines gender is tran­

sc-ribed into the s.,me primary RNA transcript in hoth males 

and fcmalts. ,\ cascade of regulated splicing in females ulr i­

matd)' results in the production of a protein called dou/,/escx, 

which represses the transcription of malc-sp<-cific genes. In 

maks, :m altcmoti\·e serit's o( splicing e\·ems re~ults in a \·ersion 

of the douhlesex protein that represses the transcript ion of 

female-specific genes. 
Alternative splicing makes it possible to produce more than 

one protein from a single gene. Before the importance nf alter­

nati\'e splicing was recoi:ni,ed, a gene was considered rn he a 

nucleotide sequence that encodes a single protein or RNA. 

Now genes ha,·e tu Ix: thought of as DNA sequences that arc 

capable of directing the production of one or more related 

1 polypeptides or RN As. As a result, the number of proteins that 

an organism can produce far exceeds the numher of genes it 

has. For example, at least 35 percent of human grnes undergo 

alternari,·e splicing. Although the human genome contain; an 

estimated 40,000 genes, the number of different proteins thar 

your cells can produce is believed to he herween I 00,000 and 

I million . 
The current record holder for the number of mRNAs Jc­

ri,·cd from one gene is the Dscam gene in the fruit fly 

Drosophila 111,lanogastcr. The products of rhis gene are in­

\'Oh-ed in guiding growing nerve cells within the emhryo. Be­

cause rhe primary transcript is spliced into about 38,000 

distinct fortns of mRNA, the Dscom gene can produce ahour 

38,000 different produc1s. Researchers arc resting rhe hrpothc­

sis that panicular combinations of Dscam proteins allow par­

ticular nerve cells ro connec1 10 each other in the fir's brain. 

Current research on alternari\'e splicing is focused on 

rwo topics: (I) understanding how regularory proteins con­

trol rhe process and (2) documenting rhe extent to which al­

rernari,·e splicing enrich,s 1hc gene1ic information stored in 

a genome. Stay tuned. 

Translational Control 
Once splicing is complete and processed mllNAs arc exported 

ro the cytoplasm, sc,·cral new regulatory mechanisms come 

into play prior to translation. The following examples illus­

trate the array of mechanisms that influen" the riming or ex-

1en1 of translation: 

• The life span of an mRNA in the cell can vary. For example, 

the mRNA for casein-the major protein in milk-is pro· 

duced in rhe mammary gland tissue of female mammals. 

Normallr this mRNA has a half-life of just over I hour, and 

linle casein prorein is produced. But when a female mouse is 

lactating, rtgularory molecules increase rhc mRNA's half-life 

10 28.5 hours-leading ro a huge increase in the prnducrinn 

of casein prot<"in. 
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• In many species of animals, eggs arc loaded with mll NAs 

rh ar are nor rranslarcd until fertilization occurs. The pro· 

reins produced from these mcssai:es :i re inl'olved in di• 

reeling the early derclopment of rhe embryo, so they arc 

nor needed until fertilization is complete. Translation of 

the mRNAs in rhc egg can he pre,·cntcd when a rcgularo­

ry protein hinds tn them. nr when th,· messai;e's cap or 

rail i, modified. 

• The o\'crall rare of rranslarinn in a cell mar slow or stop in 

resr,nmr to a sudden incrr:HL' in temperature or infcrtion 

h)· a \'iruo; . Thc slowdown on·urs hL·cw.,c n:~ulatory pro• 

reins add a phosphate group tn a protein that is part of the 

rihosume. ,\~ we han· pointed our in c;irlirr chaprcr'5. 

phosphorrlation frcquenrl)· leads to change, in rhe shape 

and chemical rcac1i1·i1y of prorcins. In the case nf the 

phnsphorylared ribosomal protein. the sh.,pe chani:c 

slows or prn·cnts rranslation. For rhe cell , this dramatic 

chani:c in gene expression can mean rhe difference be• 

tween life and death. If 1he danger is due In a sudden in• 

crc:1sc in :imhirnr tempcr:nurc, shuninµ down rran slation 

prcvenrs the produ.:rinn of improper!)' folded polypep­

tides; if rhe insult is a 1·irus, the cell arnids manufacrurini: 

\'iral protc:ins. 

Post-Translational Control 
Control of gene c:xpresc.ion ml)' continue e,·en :iftcr tr.ms!J ­

rion occurs and a protein product is complcre. Recall from 

Chapter 17 1h01, in hacrcria, mechanisms of posr-translarional 

regulation arc important lx:cause they allow 1he cell 10 re­

spond to new ,onditions rapidly. The same is true.- for cukary­

OCL'S, lnstL·ad of waiting for tr3nscription and transllriun ro 

occur, rhe cell can respond to altered conditions hr quickly ac­

tivating or ina.:tivating exisrini: proteins. Regulator)' mecha• 

nisms occurring fare in rhe flow of information from DNA 10 

RNA 10 pro1ein in\'Oh·e a trade-off herwcen speed and re· 

source use, howc\'t·r, because transcription and rransbrion re­

quire energy and materials. 
,\ group of regulator)' rranscription factors that is found 

in m:immals is c:tlled signal transducers and activators of 

tr•nscriptlon (STATs) and prm·ides a good example of po<1-

1ransla1ional control. STATs participate in se,•eral sii;nal 

transduction pathways. Recall from Chapter 8 rhar 

signal transduction p.11hwa~·s :.trc interactions that convert 

a signal ar the cell surface into a response hy the .:ell. In 

white blood cell s, STAT actil'it)' r,suhs in increase,! cell 

growrh and cell dil'isinn. 
In whire hlood cells, STATs normally reside in rh,· C)'IO­

plasm as si ngle rnlrpepriJe .:hains. In this form. the STAT, 

arr inacri\'l', Rut a chain of t\·cnrs i) trig~crcd when J si~nal ­

ing molecule hin,l s ro an,1 ;ictil'.ues a re,·error nn the cell 
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\urfacc (Fii:ure 18.13a). The acri,·aml receptor aJJs a phos­
ph,11r 10 J STAT polypeptide chain, trii:gcring rhc formation 
of J dimer (,1 unir made of rwo parts) . Titc activarcJ ST,\T 
dimer rhcn mo\'es inro the nucleus, hinds to an enhancer, 
anJ ac1i.-a1cs transcription (Figure 18.13b). The STAT re­
main, acrin· unril the phosphate is remo\'cd hy another rcg­
ulatury prorcin. Ar this point, the rwo polypeptide chains 
come apart anJ arc transported hack 10 the C)'toplasm. 

Phosphorylation is a ,·cry common mechanism of pnst­
rranslarional control over gene expression, particularly in signal 
transduction pathways. It is only one of se\'eral post-
1r.10slarional control mechanisms rhat have been document­
ed, hmvc,·cr. The acri.-iry of a protein may also be modified 
by folding or by enzrmes thar cleave off a portion of rhe mole­
cule. Bur no mailer what the mechanism, post-rranslarional 
control is correlated with particularly rapid changes in gene 
expression. 

(a) Growth signal activates STAT protein. 

r Cell-surface receptor 

ADP 

tillt?fG~ ~-<~41;{}~ 
~ ~~-~~ 

•r ! 
~ 

Inactive STAT protein 
(two single polypeplide chains) 

Activated STAT protein 
(dimer of two polypeptide chains) 

FIGURE 18.13 STATs Activate Transcription alter They Are 
Phosphorylated 
(a) A series of events, beginning with the binding al a signaling 
molecule re a cell-surface receptor, leads to the phosphorylation al 
STAT proteins. This causes two STAT polypeptide chains 10 join, forming 
an at1iva1ed dimer. (b) At1ivated STAT proteins move to the nucleus, 
bind to DNA. and activate the transcription ol selee1ed target genes. 

A SO-Year Retrospective: How Does Gene 
Expression in Bacteria and in Eukaryotes Compare? 
For a hour five decades, biologists have been srudring how gene 
rxprr,,ion i, controlled. Almo~r as soon as rht1· knrw rhar in­
formarion in DNA is rrnnscrihcd into RNA and then rransbrrd 
inlo proteins, researchers began asking questions ahout how 
rhar flow of informarion is regulated. Early srudirs on bacteria 
csrahlished the exiqence of promoters, the structure and func­
rion of rcgulamry protein, and regulatory sequences, and the 
principles of positi\'e control and negari,·e control. More recent 
work has highlighted the importance of chromarin strucrurr 
and alternative splicing in eukaryotes. 

What nre the fundamental differences in how genr expres­
sion is regulated in bacteria and eukaryotes? Riologim point re 
four primary differences, rwo of which inrnh·e lewls of control 
that exist in eukaryotes bur nor in bacteria: 

I. l'ackagi11g The chromatin srructure of eukaryoric DNA 
must be opened in order for TBP. the basal transcription 
complex, and RNA polymerase re gain access ro genes anJ 
initiate rranscriprion. A key insighr here is that, because 
eukaryoric DNA is packaged so tightly, the default srate of 
rranscriplion in eukaryorrs is off. In contrast, the default 
stare of rr,mscriprion in bacteria, wirh rheir supcrcoiled 
DNA and freely accessible promoters, is on_ 

2. Altematir·e splici11g Prior ro rranslarion, primary tran­
scripts in eukaryotes must be spliced-an event rhar does 
nor occur in bacteria. The fundamcnral consequence is rhar 
the onr-10-onc correspondence between the number of 
genes and rhe number of gene products observed in bacte­
ria is nor seen in eukaryotes. Instead, each eukaryotic gene 
may code for one ro thousands of disrincr products. 

3. Complexity Transcriptional control is much more com­
plex in eukaryotes than in bacteria. The function of sigma 
proteins in bacteria is analogous ro rhe role of the basal 
transcription complex in eukar)"Otl-S. Likewise, rhe func­
tion of CAP, the repressor, and or her regulatory proteins is 
analogous to the role of regulatory transcription factors in 
eukaryotes. Bur rhe sheer number of cukaryoric proteins 
in\'Olved in regulating rranscriprion-anJ the complexity 
of their inrcractions-1warfs those in b,icreria. 

4. Coorcli11,11,·d txpri•ssio11 In bacteria, genes rhar are inrnh'cd 
in the s.1me cellular response are organized into operons con­
rrollcd hy a sini:le promoter. Because rheir polrcisrronic 
mRNAs arc translated together, several proteins are pro­
Juc.·d in a roordinarcJ fashion. In contr.m, operons are rare 
in eukaryotes. In these organism,, genes rh,11 arc physically 
sc:mcrcJ can be exprcss,-J at the same rime l=ausc a single 
sci of regulatory transcription factors can trigger the rran· 
scriprion of se\'eral genes. For example, muscle-specific genes 
found on several different chromosomes can be transcribed 
in respon,c to the same muscle-Spl-cific regulatory rranscrip-
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tion factor. In rhis way, cubl)·otes coordinate rhe expression 

of funct ionally related genes. 

To explain why these differences exist, biologists poinr 10 a 

fundamental contrast between unicellular and multicellular in­

di,·iduals. In horh types of organisms, cells ha\'e ro respond ro 

environmental changes in an appropriate wa)'. Bacteria and 

yeast cells change gene expression to respond 10 changes in rhe 

a\'ailability of sugars and other nutrients; your muscle cells 
1 change gene expression in response to changes in temperature, 

1 
the a\'ailabiliry of oxygen and sugars, and general acti\'ity. Bur 

· in addition, the cells of multicellular organisms ha,·e to differen-

tiate as an indi,·idual de,·clops. Changes in gene expression arc 

n-sponsiblc for rhe differentiation of muscle cells, hone cells, 

leaf cells, and Oower cells in response 10 signals from other cells. 

1 
The need for each cell type 10 ha\'e a unique panern of gene ex­

pression is thought 10 be the reason why control of gene ex pres• 

sion is so much more complex in eukal)·ores rhan in hacrcria. 

One of the two great frontiers in research on gene cxprcs• 

sion is to understand how developmental signals produce cell­

specific gene expression in multicellular .organisms. The other 

major frontier is 10 understand how cenain defects in gene reg­

ulation result in uncontrolled cell growth and rhe suite of dis• 

eases called cancer. 

18.6 Linking Cancer with Defects 
in Gene Regulation 

Normal regulation of gene expression results in the orderlr de­

\'elopmenr of an embl)'O and appropriate responses 10 environ-

' mental changes. Abnormal regulation of gene expression, in 

contrast, can lead ro developmental ahnnrmalitics and diseases 

such as cancer. Hundreds of distinct cancers exist. These dis­

eases arc cnonnousl)' ,·ariable regarding rhc tissues the)' affect, 

their rare of progression, and their outcome. Because rhe un­

derlying defecrs, symptoms, and consequences are so di,·crse, 

cancer is nor a single disease hur a family of relaied diseases. 

C:inccrs arc related because rhcr all result from uncontrolled 

cell growth. 
From this perspecti\'e, rhc fundamental question in cancer 

biology is a simple one: Whar causes uncnnrrolled cell 

growth? The short answer is rhar each rype of cancer is 

caused bra different scr of defects rhat lead ro uncontrolled 

cell Arowrh. The longer and more accurate answer is based 

on rwo kcr obser\'ations. firsr, recall from Chaprrr 11 rhar 

cancer results from defects in rhe proteins rhar control 1hr 

cell C)'clc. Second, cancer is associa ted wirh murarinns rhar 

knock our ker genes. For example, Chapter 14 linked the 

cancer-causing disorder xrrodcrma pigm,·nrosum and hcred­

irarr nonpolrposis colorecr~I cancer wirh drfecrs in DNA re· 

pair. This association supports rhc hypnrhesis rhar increased 

murarinn rares arc involved in triggering cancer. The h)'• 

porhesi s is also supported h)' rhc obscn·arion rhar people 
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who have heen expnscd ro mutagen1-1ha1 is, radiation or 

chemicals rhar induce murarion-ha,·e an increased risk of 

de,·cloping cancer. For example, cancer rares were exrremclr 

high in rhe ren, of thousand, nf people who were exposed 10 

massive doses of radiation from rhc atomic bombs dropped 

on Hiroshima and Nagasaki, Japan, ar rhe end of World 

War II. The link between mutation and cancer is so strong 

rhar suspected chemical carcinogens (cancer-causing com· 

pounds) arc first rested by their ahiliry 10 cause murarion, 

in hacreria . 

The fundamental qursr ion of cancer biolog)' comes into 

sharper focus once rhe role of cell-cycle regulators and murarion 

is acknowledged. Now we can ask, Which genes, when murarcd, 

disrupt rhe cell cycle and trigger uncontrolled cell growth? 

lntcnsi,·c research o\'cr the past rwo decades has shown rhar 

many cancers arc associated wirh murarions in regularol)" rran­

scriprion factors or regulatol)· sequence., in DNA. These mura­

rions lead 10 cancer when rhc)' affect one of rwo classes of 

genes: (I) genes rhar stop or slow the cell cycle, and (2) genes 

rhar trigger cell growth and di\'ision b)' iniriaring specific phas­

es in rhc cell cycle. 

Genes rhar stop or slow the cell cycle arc called tumor 

suppressor genes. Their products prevent rhe cell cycle from 

progressing unless specific signals indicate that conditions arc 

right for moving forward wirh mitosis and cell di,·ision. If a 

murarion disrupts nonnal function of a rumor suppressor gene. 

then a kc)' "brake" on rhe cell C)'cle is eliminated. 

Genes rhat encourage cell growth b)' triggering specific phases 

in rhe cell cycle are called prote>-oncogenes ("fim<ancer-gencs"I. 

In normal cells, prom-oncogenes are required 10 iniriare each 

phase in rhe cell crcle. They are acri\'e onlr when conditions are 

appropriate for growth, howc,·cr. In cancerous cells, defects in 

rhc regulation of proro-oncogencs cause these genes 10 srimu­

larc growth at all rimes. In cases such as rhis, a murarion has 

con\'erted 1hr proro-oncogcnc into an oncogene-an allele that 

promotes cancer developmenr. 

To gain a deeper undemanding of how defects in gene ex• 

pres.ion can lead ro cancer, ler us consider two rumples from 

recent research. The first, rhe pH gene, illusrrarcs how problems 

wirh regulating tumor suppressor genes can lead 10 uncon­

trolled cell growth. The second, STAT mutations, demonstrates 

how defects in regulator)' transcription factors can lead 10 the 

consrant acrivarion of proro-oncoi,:cnes, cnnsr,1111 cell i,:rowrh. 

and rumor formation. 

p53-Guardian of the Genome 
The i:cnr rhar is most often dcfecti\'c in human cancers codes 

for a rcgularorr rrans"iption facror. This gene is called pSJ, 

becau<e rhc prorcin ir codes for has a mok-.:ul.ir weii,:ht of ap· 

proximate!)' 53 kilodahon, (53,000 dahons, or 53.000 amu­

src Chap1cr 2) , DNA scquencini: studies ha,·e revr.,lfd rhar 

muram, nonfuncrional furm, of p5J arc £nund in m·cr half of 

all human can,ers. 
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Whar 1s rhc link hcrween a loss of p53 prorein acti\·ity and 
c.rncc r? :\ k<'y oh,l'r\'ation suggested an answer to this ques · 
rinn: \Vlwn researcher~ exposed norn1al, nonc:mccrnus 
human .:di, 111 UV rad iation, le\·cls of p53 protein increased 
marked ly. Recall from Chapter 14 that UV rad iat ion dam· 
ages DNA . Follow-up studies confirmed tlrnt there is a dose 
correlation hcl\\"el·n DNA damage aml the amount of p.B in 
a cell. In addition, analyses of the protein's ~tructure showed 
rhat it contains a DNA-binding domain. 

These observations inspi«·d the hypothesis that p5J is a 
transcription factor that ser\'CS as the master brake on the cell 
cycle (Figure 18.14:i). In this model, p53 is activated after DNA 
damage occurs. The h)·pothcsis contends that the acti\'atcd pro· 
tein l,inds to the enhancers of genes that arrest the cell cyde. 
Once the cell cycle is arrested, the cell has time to repair its 
DNA before continuing to i;row and divide. 

Recent research has shown that this model of p5:'\ function 
is correct in almost e\·ery detail. For example, consider the re­
sult s of studies based on X-ray crystallography. The three· 
dimensional models generated by this technique confirmed that 
pD binds directly to DNA (Figure 18.14b), In addition, re· 
searchers who mapped the location of mutations that make 
p53 dcfecti\·e found thar virtually all of the cancer-causing mu• 
1a1ions were loc:11cd in p53's DNA-binding site (sec rhe gray re· 
gions of Figure 18.Hh). This observation supports the 
hypothesis that dcfectiw fom1s of the protein can't bind to en-

(al p53 MODE OF ACTION 

(!J TRANSCRIPTION 

l)Q~ ~~ 

1. DNA damage. 

2. p53 Increases. 

3. p53 binds to DNA 
(not In same region that 
is damaged). 

4. Transcription of 
genes that arrest cell 
cycle or lead to cell 
death. 

hancas. Further, investigators h:we documented that one of the 
genes induced hy pB cncO(k·s a protein that hinds to the cyclin• 
Cdk complexes imroduced in Chapter 11. Rinding hy thi s pro­
tein pre\'ents the cyclin-Cdk complexes from rrigi:crini: ~I 
(mitosis) phase in the cell qcle. 

Recent research has nlso shown that when a cell's DNA is 
cxtensi\·elr ,lamaged and cannot he repaired, pH a.:ti,·atcs the 
transcription of genes thnt cause the cell to take its own life via 
apoptosis 1sec Chapter 11 ). Dur if mutations in the pH gent 
make the protein product inactive, then damai;ed cells are not 
shut down or killed. The)· continue to mm·c through the cell 
crclc, except now they are likely to conrain manr mutations he­
cause of the DNA damage thry have left unrepaired. If these 
mutations create oncogenes or inacti\·atc genes for tumor sup­
pressors, the cells have taken a key step on the road to cancer. 

To summarize, pJJ functions as a tumor suppressor gene. It 
prc\'cnts cancer onset hy stopping the cell q·de when DNA is 
damaged. When pH is functioning normally, mutations that 
produce oncogenes arc repaired or eliminated before uncon• 
trolled cell growth can begin. The role of p53 in pre\'cnting 
cancer is so fundamental that biologim call this gene Mthe 
guardian of the genome.~ Currcntlr, research on the p53 pro­
tein is forging ahead on two fronts: Biologists are stri\·ing to 
idenrify more of the genes that arc regulated hr this protein and 
to find molecules that could act as anticancer drugs by mimick­
ing p53's shape and acti\·i1y. 

(b) DNA-binding domain of p53 

FIGURE 18.14 p53 ls a ONA-Binding Protein That Acts as a Tumor Suppressor 
(at Summary of the current model for p53's mode of action. (bl Ribbon model showing the DNA-binding 
domain of pS3. In cancer patients, the amino acids in the gray portions of the molecule are ohen different 
than the normal versions. QUESTION \', f : 'I, .. J ld ~ .1 1 . ~ • •1t 1•111 f), c ,,,. .. , .\1 1 u 10 , ,1 "ll tfF' ' .,i Grp cif : t1.:i 

l••,-.1 1•1r,:. •11 u •d :1 !• 1 1• ! •rt,· llii'll )n1 0h:·•·1':,1L l t\ t'l l / l"(l~ o or-..:;... • 11 1,, , . ,n u1!e l 11 1~1,q r·i1 1•,.-01r~ ;::, 
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STAT Mutations in Cancer 
The fomil)' of transcription acth·arors c3llcd STATs is another 

,yp• of protein implicated in cancer. Recall from Section I H.5 
1har, in several t)·res of cells, STATs Jcth•atc ~cncs 1h:1r promote 

1 cell growth in rosponsc 10 signals from outside the cell. In nor­

mal cells, STATs mu<t h<, phosphnrybrcd hclor, rhci· can hind 

to regubtory scquc:ncc-s in ONA and activate transcription. Bur 

in some human cancers, STATs bind to DNA all 1hc time:, or 
constitutively-nor just when rh•i· are phosphorylared. When 

this happons, STAT, constantl)' stimulate cell growth and di,·i• 

sion. Thc-sc observations suggest that muratiuns can conn:rt 

STAT, into oncogoncs. 

What typo of mu131ions could tum STAT, into oncogem·s? 

To answer this question, recall that the activ:ued form of a STAT 

is 3 dimer-a combination of two polrpcptidcs. For a dimer m 

fonn, an amino .;1cid residue at the point of contJct hcrwccn the 

two STAT proroins must h< phosphoryl,red (Figure 18.ISa), 

These obsorvarions inspired • hrpothosis ,ha, STAT, turn 

inm oncogenes if mutations cause them to form dimers wirhour 

(c) Consequences for 
transcription rate 

i 75 

~~ i; 50 

-=~ ii 
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hdnl,! r,hmphnr)' l:m:d-rh.:it is, wirhour heing stimulated by a 

norm:tl ~rowth sign.11. More spccificallr, researchers suggrsttJ 
1hat if murarion, cJmc<l q ·srcine n•<ii<lucs to ht" suh\rit11t,·<l in 

thl' r,ortion of the prorein whert' dimer form.:irion r.1kes pbce. 

then disulfide hond, miAhr form hcrwcen STATJ monumc"· 

crc.:i,in,: consrirutircly acti\·arcd dimcn ffigurc 18.15b). 

To test this hrporhcsis, n·sr.•;irchcrs crcarr<l muranr \'C"r· 
sions of rhr STATJ protein with cysreints in rhe apprnpri:trC' 

loc.:ition. The researchers cxpreliised the prorcin in norm.:il 
(conrrol) celh and analyzed 1he amounr of protein produced 

hy a gene rcgulared br STATJ . Compared with cell, with 

normal STATJ prorrins, the q ·strinr•c.:ont.1ininJ! mutant cdls 

produced IO rim« as much o( the t>rA<I gene product 

(Figure 18.ISc). This ohsen ·.:irion w ,H consisrcnr with the 
hiologisrs• prediction thar q ·srcine muranrs form dimers :rnd 

hind to DNA consrirurh·clr, 
To confirm their result, the hiulogiw, injrctcd mice: cirher 

with cells th3t exprosscd qsrdno•mur,nr STATJ or w11h coll, 

that e.prossed norm•I STATJ. Aher just lour weeks, •II of tho 

(b) E,;perimental STAT3, with cysteines at binding s;te 
for dimer formation 

Oist.ilfide bonds fin k tv.-o /4 monomers logether, forming 

Ji~ ," act,vated d ome< 

:f~ ~ 1/v' 
'-?,,~~ • --~l 

1J.rJ ~ "r'tt, 
.JN:1.W,~,.>, 

$j£J- JZ~i 
\~ ... 7i ,\ ~---~ 
~~\~ ~"2, 
~~' -~~ 
~ ? 

i 

i Cys1e1ne mulJnts form a,me!!. 
&Ponlaneous1y and bind to 
ONA con,t1lut1vefy, causing an 
abnormally hrgh ttans.cr1pt1on 
rate 

2 f 25 

L 
~ o~C-o,,-,ro-, -~N-orm-al-- Mutant 

DNA STAT STAT 

FIGURE 18.1 S Generating a C.ncer-Causlng Mutation E.w.perlm•nt.tlly 

(1) Phospho,ylated sections of STATJ proteins b ind to one another, forming a dimer. (b) Substitution of 

cyste ines 11 the locations shown in red result in the format ion of d isulfide bonds between STATJ prote ins. As 

• result, ttle STAT proteins ire activated II all times . (c) Histogram showing 1he transcriptional activity of a 

gene that is normally activated by STATJ. The data come from cells that rMeived either a control ONA fa 

gene that doH not encode • transcription activator), • normal STAD gene, or a copy of the cy,tcine-muto1nt 

verlion of the STATJ gene. 
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mice that hail been injcclcd with mmanr cells had del'elopcd Ill· 
mnrs .H the ,i1c of injection. In contra~!. none of the mice that 
had b,·cn injected wi1h normal cells showed e1·idence nf rnmnrs. 
cl'en after eight weeks. 

Thcs,· ,·xpcriments haH· an important mcssai:c: Anr nn11a-
1ion 1ha1 constitlllil'd)' forms dimers of STAT proteins causes 
,·onstitutil'e actil',uion nf STAT 1arge1 genes. As a resuh, thew 
mlllations set the stage for cancer. An Cl'en more i;lohal message 
is that consranr actirn1ion of a rq;ulatorr transcription factor 
can lead to cancer. Cancers originate with mutations that dis­
rupt the normal rei:ulation of cell-cycle control genes. 

✓CHECK YOUR UNDERSTANDING 

Cancer is associated with mutations and with loss of control 
over the cell cycle. These two observations are connected, 
because mutations can cause cancer when they occur in 
genes that are involved in regulating cell-cycle control 
genes . For example, when a protein that activates the cell 
cycle is activated constitutively because of a mutation in a 
regulatory gene, then uncontrolled cell growth may occur. 
You should be able lo explain why knock-out (loss-of­
/unction) mutations in pSJ occur in so many cancers. 

ESSAY Fly Eyes and Other Strange Tales of Gene Regulation 

Imagine a I 950s-,·imai:e science-fiction nnwie. As thunder 
cracks and lii;hmini; Oashes, a mad-eyed scienrisr working in 
1he howels of a sinis1er-lookins lahoramry insem a mouse gene 
into a fruit Oy's genome. The next dar, the scientist cackles with 
delight as she di scol'ers eyes sprouting in bizarre locations on 
the Or. llu1 then the Oy escapes. Ir mares with a normal Oy and 
sim, offspring with hundreds of eyes. Thanks III their remark­
able 360° l'i sion. no predator or Oyswa11cr can stop the li11le 
monsters. Clouds of them soar off, henr on glnhal domination. 

Preposterous?,\ ream oi nm-so-mad-cred scientists has inserted 
a mouse gene into fruit nies and ohserved the formation of eyes 
on the adult Oy's legs, amennae, and torso (Figure 18.16). The 
gene in question is a regulatory transcription factor. When the 
gene product hinds to enhancers, ii sets off a cascade of gene 
expression e1·en1s that are required for eye dcl'elopmcm. 

Walter Gehring and colleagues were first IO isolate and char• 
acrerize the gene inmh-cd. Ir was called eyeless, because it was 

FIGURE 18. 16 Eyeless Encodes a Transcription Factor Thal 
Induces Eye Dovelopment 
When Drosophila embryos are made to express the eyeless gene in 
cells that gave rise to !he legs, adults develop with eyes on their legs. 

originally discol'cred as a murant allrle that causes Aies to de1•cf. 
op without cres, When Gehrini;'s 11.':lm created Drosophila em­
hryos rhar expressed the normal form of the i;ene in locations 
that narurally gil'e rise to appendages, eyes de1·elopcd on the legs 

\Vhe,, eyeless is 
activated in leg 
cells, the leg cells 

and antennae. This result under• 
scores an important conclusion: 

During dcl'clopmcnt, the fare of 
a cell depends on 1he actil'ity of 
regulatory transcription factors. 

give rise to e)•es. When i:yeless is acri,-;ircd in leg 
cells, the leg cells give rise to crcs. 

\Vhco rhe reS<-archers looked for genes in other organisms that 
were similar to t')•clcs.s in DNA S<--qucnce, the ream found them in a 
wide array of species. Consider a mouse i;cnc called S11u// F.yc or 
pax6, which is similar in sequence 10 eyeless. The 11.1me S111.:1/1 Eye 
was inspired hr the observation that a mutant allele of this gene 
leads 10 reduced ci·e de1·clopmcnr. Because eyl'lcss and S11u// Eye 
arc simibr in srrncturc and functiun, Gehring hrpo1hesized 1ha1 
they arc homologous-that the genes arc descended from a similar 
i;ene in a common ancestor of flies and mice, which, according 10 
the fossil record, li,·ed some 550 million )'l':lrs ago. To rest this hr• 
porhesis, Gehring inserted the mouse gene into Drosophi/.J em­
bryos. S1110/1 F.yc induced the del'elopment of fly eyes essentially 
anywhcr,· in the cmhrro that ir was exprcsscd. He got the s:ime ~ 
suit when he inserted a squid gene that was similar 10 <:J-eless. 

What docs this tell us about hiologr? First, it is reasonable 
111 .:onclud,· that cr,·lcss, S111111/ Ey,•, and like i;cnes in other 
species are similar in muc111re and function because they arc 
homologous. Second, these regulatory transcription factors and 
their recognition sequences in DN,\ hal'e been so conserl'ed 
1ha1 the proteins arc nearly interchangeJhle among organisms 
separated hy HO million rears of ernlution. Third, one ker rc~­
ularor)' transcription factor can unleash a cascade of responses 
1ha1 results in a s1rn,1urc as complex as an ere. fourth , rhe 
same s1;1rrin~ poim-cxpression of the cyefrss ~cnc-<:an lead 
m 1·err different ends, dcpendini: on the conrex1. In Oies, the 
mouse gene S111,11/ E)·e leads IO a nr eye, nm a mouse ere. 
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CHAPTER REVIEW 

Summary of Key Concepts 

• Changes in gene expression allow cukaryotic cells 10 respond 
10 changes in the em·ironment and cause distinct cell types to 
develop. 

In a mulriccllular eukaryote, different types of cells arc radi­
cally different in size, shape, and function-even though ther 
ha1·r the same DNA. Cells arc different not because ther ha1·e 
different genes hut because they express different genes. 

In embryos, cells begin expressing specific genes in re­
sponse to signals from other cells. Because different cells 
rrcrivc different signals, one cell might begin expressing 
muscle-specific genes while a nearby cell expresses bone­
specific genes. Oner cells mature, they continue ro receive 
signals that are released hy other cells and that carry informa­
tion about changes in the environment. In response, changes 
in gene expression may occur. 

In both embryonic cells and mature cells, several types of 
changes in gene expression may occur. The transcription of 
specific genes may be iniriated or repressed, mRNAs may be 
spliced in different ways to produce a different product, the life 
span of specific mRNAs may be extended . or shortened, and 
the life span or ac1i1·i1y of particular proteins may be altered. 

■ In eukaryotes, DNA is packaged with proteins into complex 
s1ructures that must be opened before 1ranscrip1ion can occur. 

Eubryotic DNA is wrapped around histone pro1eins to form a 
bead-like nuclcosomc, which is then coiled into 30-nm fibers 
and higher-order chromatin structures. Transcription canno1 
be initiated until the interaction between DNA and hisroncs in 
chromatin is relaxed. These changes depend on the acctylarion 
of hisroncs and the action of chromatin-remodeling complexes. 

• In eukaryotes, transcription can be initiated onl)• when specif­
ic proteins bind to the promoter and to regulatory sequences 
that ma)· be close to the promolcr or far from it. 

Regulatory 1ranscriprion factors arc pro1dns 1ha1 bind to 
regula1ory sequences called enhancers and silencers, which 

Questions 

Content Review 

1. \'<1ha, is chromatin? 
a. 1hr rrnrdn core of thr nudC"momr, whkh comisu of hi.,wn,-s 
b. 1he 30-nm fihrr 
e. rhe DNA•prmcin complex found in cukarrorrs 
d. the hi~tonc a11d non-histonc proteins in C"Ukaryntic nudd 

2. Wh3t is ii tumor supprt'Ssor? 
a. a gene asJociJtrd wirh 1umor formation whrn in rroJuct Joes 

nor fon'1ion 
b. a gene 1us.ociJ1cd wi1h tumor form.uion whrn i11 product func­

rium norm;ill>· 
c. :1 gent" 1hat accdcrarcs 1hc- cell cyclC" .:rnd lcJds IO uncontrollcJ 

crll growrh 
d. i1 ~enr th.u cuJr!i for a u .m,~rip1ion fJc10r inn,ln-J in lmnor 

form,11inn 

arc often loca1ed al a dis1ancc from the gene in question, or ro 
promorer-proximal sequences near 1he srnri of the coding 
sequence. The firsr rei:ularory transcription factors that bind 
ro DNA recruit proteins that loosen the hisrones' grip on the 
gene, making the promoter accessible ro basal transcriprion 
fac1ors. Interactions between regulator)' and basal transcrip­
tion facrors lead ro the formarion of rhe basal transcription 
complex. Once this large, multi-protein complex is intact, RNA 
polymerase is recrui1ed to the site and transcription begins. 

\\'d, Tw 11ri:1 l I S. I Tr.1 1P,crip111111 ln i1i.1 ti, 111 in I ul .1 n 11t1.., 

Alternative splicing allows a single gene ro code for se1·cral 
different products. 

Once a message has been transcribed, se1·eral orher regula1ory 
c,·ents come inro pla)'. Alternarive splicing allows a single 
locus to produce more rhan one mRNA and more than one 
protein. Mechanisms of post-rranslarional control, such as the 
activarion of transcription factors by phosphorylation, rrigger 
rapid responses to signals from ourside rhe cell. 

Cancer can de1·clop when mutations disable genes thar regu­
late cell-cycle control genes. 

The cell cycle is controlled by sp,:cific genes. But if mutations 
airer the regulatory sequences of cell-q-cle control genes or 
the genes for rheir regulatory transcription factors, then un­
controlled cell growth and tumor formation may resulr. For 
example, the cell-cycle regulator p53 is responsible for stop­
ping the cell cycle when DNA is damaged. If p53 is mutated in 
a way 1ha1 prevents its protein product from binding to DNA, 
then the cell C)'cle is 001 arrested and rhe damaged DNA is not 
repaired-leading to mulations. If the murarions alter genes 
that control the cell cycle, such as STAT genes, cancer may 
occur. Mutant STAT proteins that promote cancer bind 10 
DNA nt all times and trigger the expression of genes 1har ac1i­
va1e rhe cell cycle, leading to uncontrolled cell i:rowth. 

.l. \Vhich o( thr followini; starrmrms o1hour c-nh.1nccn is cnrrfi,? 
a. Thrr contain J unique h~ur 1cqucn1.."r c-.1llt:d a TATA box. 
h. They on: lncorcd onlr in S'·OJnkin~ region,. 
c. They arc I01.."atrd onl)· in inuon~. 
d. The)· :ire found in ,1 ,·;1ric:t)' o( l<~Jtions and art (unctiun.1I in an~· 

oricnrJtion. 

4. In euk,uyotcs, whr arc crruin ~nc."5; cxpns\CJ only in ccruin ~T'O 
nf ccll,? 
a. Rc~ub10r)' lran~ rirrion (Ji:lors , ·.if)· frum cdl ro ..,-di. 
b. Thr promorrr "''Jurncr r,ui~ from ccll ro «II. 
c. The location of cnlun"·"rs ,·~1riC"'i from ,ell 10 ,di. 
d. The t)'I" of I\NA r<•lpnrrak' ,·Jri,·s from ,·di 111 cell. 
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5. \'fh.11 iii Jltrm.Hi\'r .\plicini:? 
:1, 1hr pho,;rhot} b1io11 C\'l' IU\ th.11 lraJ tn diffcrrm f1'J'C'i of pn\t · 

trambuonJ.I rC'µu l.nion 
h. mR!'\i\ rro~<"r,inJ.! C'\'l'nt\ th ,n k•,1d tn J,ffcrC"nr comhin.,rinm of 

cxnn,; l,cin~ '.\fllu:rJ IUJ,.:l' lhL·r 

c. folJin~ ncn1s th~t lcaJ lo pmtcim; wuh 11hcm,lll\"L' ,1111fonn,111orh 
J. Jl tion hy rq:.ula.wry protein\ th:u lr,1J, to chanJ;l"!r. in the lifC' 

,p.111 of Jn mRNA 

Conceptual Review 
I. Comp.in: .mJ cor11r.1,1 {J) tnh.tnCC'f\ :111J 1hr CAP ,itl'; lh) promott·r• 

rrox1mJI clrmrm~ ,md the /,1< opcron opcr.1wr: (c l h:1..,.11 tr.1mcrip• 
tion bcrors anJ si,.::m:1; ond (J) eukaryoric promorrrs and h:ectrri ., I 
rrnrnme~. 

2. \X'hy t.loc~ t.:hromarin ne<"d to I\C' "'rrmoJrlrd"' for tran'-criptinn ro 
(l\."CUr? \Vhr \\' .lS it 101,:ic.1! rn ob,cn·c 1ha1 l):\IA-rrotcin i111cr.1ction, 
c.111 be loo..,rnrd h~· thr addition o( acrt)·I J:rnnps 10 histonc<-? 

3. C:omp.Jre and cnnlr.nt ~.JI cnh:mi.:crs :inJ ~il<.·nl'ers; (h) promo1er• 

proximal rkm("nrs and cnh.mcc:r~; (cl 1r.m \crtpt iun focton and 
co;tcli\·acurs; ant.I (J) rc~ulJt OC)' transcription fac1ors ;tnd basa l 
n.1m,cription ia,rors. 

Group Discussion Problems 
I. lil\tone prott'.'ins hJ,·c hl'en ex1remdy hi~hl~· cnml'rn·J durinl! c,·o• 

luc ion. ThC' hisronc-!- found in frun Oic:s :mJ hum:1n'!i, for example. 
:uc near!)· identical in amino aciJ sequence. Offl•r an rxpbnation for 
this nhsc-n·ation. ( Mint: \\7h3t arc the- con~Y,ucm:c!i o( a mut.11inn in 
a histonc?) 

2. C.·mccrs arc mo\l common in ti!i\UC'S whcrr cdl di,·isinn i, common. 
such os blood n,lls and cells in 1he linini of 1hc luni:s or i:u1. Whr is 
rhis omcn·.11ion logia !? 

J. Lnel~ o( r53 rrorein in the cy1op!Jsm increase 3ftcr ONA dam­
age. Dcsi~n an cxrcrimenr to determine wht"thcr 1his increase is 
due 10 incrcasc-d rnnscription of the pJJ gene or tn .1ctiv:1tion of 
prcl·xisting p5J pro1dns ,·i.1 a pm.t•transbtiunal mech3nism such 
3S phosphoryl;nion. 

Anmm 10 llluhiplc-Choicc Qu«tion, 1. c; 2. a; 3. <l; 4. a; 
S. h; 6. d 
\\"" 1•n·11 l1.1 ll.u1111 / 1t ~~nu111 , 111 ,: 1 1 .... , ,11 1d 1111 1h1 1,,l l, ,1•, 11 1_ 

\\ ,·i· l t ! : , 1111 1 .. l l rrlr 11 1 1 ~1 , ,.- ~ .. 111 J v l 11· 1 1 )1d111 : ",li 1Lh i ,11 1,11 

•u, 1, , 1 1 ~ \ 11, .· 1r , 1 , p •1 l r• 1.1.d 1\ \ 11 11 <~ 111,1,.,11-. , ,, \,; 

( , , 111 r 1, ... Lll, •II l ' 1n l-l ,•11h \ 11 - 11 • •,. r 11 l 1;: t1 11 l .1 p 11 u , 1~ 1; ~• 11 11 1' • 

w,11 ,.,, 1-,-. ; .11 ,I \1 IJ11 ,,.,. ii I, , .J 1 .-, m, l l< n 1.1r ,. l1 

6. \\'h;.11 rnx-s n( protein"' hind rn promorrr-pro:cim.1I tlemc:nt~? 
a, rhr ha~I lrJn\Cnrtion complc:~ 
b. rh(' hJ\JI tr.J.n~ription cumpl('x plu1 RNA pol)·mcrJ~ 
c. h.nal rr:m \C nprinn factor\ 
d. rq:ul ,11ory tr ,rn \Criptinn foc1un 

-4 . F..x pl.,in the loJ:ic ltchmJ rhe rxpl"rimt"nt h)· Tonrµ,.1,.1 anJ collt'olJ:un 
lh.31 w:n rnpomihlc for thr Jiscon·ry of rnhJncrn. \'t'h ich 1rurmC"n11 
in 1hl" upcrirnrm ~n·c.-d as con1roh,. anJ what d1J thl")' cnnrrnl for? 

S. When the human gt'nomt' "'~" (int scqut"nccd. rnc.uchco cHinuttd 
th.11 onlr .100111 J0.000 ~('OC'S were rrcscnr. rre1·1ously. n10,r in,·rui ­
~ator~ rxpccuJ rh.11 the human s:cnnme hdJ 21 lc-J\t I 00.000 J:c-nts . 
Explain how :ahtrn3tin ~plicing can rxpl.lin rhr discrcpancr t,c . 
1wel'r1 1hc obSt-n·rJ "Jnd prcdie1«I numht'rs of gcn c-s. 

6. F.xpl.1in why mur,uion" in rcgulJror,· protein\ and rt(:u!Jwry s.c­
qucncrs can lead ro loss of control m·c-r 1hr cdl cyd<' ant.I 1hr Jnd­
opmt'nl o( cancer. Include .1 ~pccific rx :1 mrlc. 

4, The frequency o( cancer was elr,·areJ in indi\·idulls who were rx • 
po-.cJ to the nuclear bombs rhar were dropped on Japan in \\:'orld 
\~;:u II. How arr these JJt.J rdau:d ro the ohscn •J.tion dur individu­
al\ who experience ~t\·~rr sunhum or d~r l3nning .;1rc more l1kcl r 
ro Jr"':lor ~kin onctr? 




