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16 Transcription 
and Translation 

KEY CONCEPTS 

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

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

Inside ribosomes, mRNAs are translated 
to proteins via Intermediary molecules 
called transfer RNAs. Transfer RNAs carry 
an amino acid and have a three-base-pair 
anticodon, which binds to an mRNA 
codon. The amino acid carried by the 
transfer RNA is then added to the 
growing protein via formation of a A microgrnph ,-hewing tram.c, ipt ion ,rnd tr an,J~t ion occurr ing , imuh3neo~ly in .1 boctcri.ll cell. 
peptide bond. The yellow lines are strands of DNA, and the red structures are ribosomes. 

Many mutations produce changes in the 
phenotype. 

P
roteins are the stuff of life. They give cells their shape and 
control the chemical reactions that go on inside them. No 
one knows exactly how many different proteins c.1n he 

nude in each of your body's cells, b111 100,000 is a reasonahle 
guess. While some of those 100,000 different proteins may nut 
be manufactured at all in certain types of cells, other proteins 
may be prcsenr in quantities ranging from millions of Coflit$ to 

fewer than n dozen. If even one of those types of protein is dc­
fecti,·e, tl,e cell may sicken or e,•en die. 

A cell builds the rroteins it needs from instructions encoded 
in its genome. Chapter 15 explored the basic strategy that cells 
use to retrieve these instmctions .ind convert them into action 
in the form of proteins. ll1e first step in the process is the tran­
scription of a gene and the production of a messenger RNA, or 
mRNA. The RNA message is n shun-lived copy of the archived 

338 

insrructions in DNA. The sequence of rihonudcotidcs in the 
mRNA is then trnnsbteJ into a sequence of amino acids. This 
series of e,·ents defines the Row of inforrnarion in the cell: 

DNA 
~nformatlon storage) 

! transcription 

mRNA 
(information carrier) 

! ltnnslatlon 

Proteins 
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The diS<:oVcl')' of the relationship bctwctn DNA and pm­
tcins ,11o·as one of the great scientific ad,1anccs of the twentieth 
century. But once the rel:itionship between tnnscriprion :inJ 
ironslotion hod been firmly cstoblished, hiolosists puulrd 
over how cells octuolly occomplish the feat of converting ge­
netic information into prntrin. How do u rmscriptinn :md 
tronsbtion work? For exomple, how docs RNA poli•merase 
know where to sr:1rt tunscrihing a gene anJ where to end? 
Once on RNA memge is produced, how is the line,,r sequence 
of ribonucleotides translated into the lineor sequcn« of amino 
acids in a r,rotcin? 

This chapter e.xplorcs the experiments th31 answered these 
questions. In addition to prm·iding a dcepu understanding 
of how cells work, the results summarized here hove hod • 
significant irupoct on biomedicine ond drug development. 
Mony of the ontibiotics prescribed tod>)' work by disrupting 
uansl3tion in bJctcria that c:ausc Jisc:1sc. In :iddition, rc­
.sc:irch on tr:mscriprion .2nd trans1:ttion set the sra~c for an 
cxp1osion of work, introduced in Ch:iptcrs 17 :ind 18, on 
how the expression or specific genes is regul:atcd. Mosr genes 
arc rr:inscribcd and translated onlr at certain rimes or in cu­
••in types of cells. 

Let's begin by examining research on the mcch:mi5ms of 
transcription in b:ictcria and eukaryotes, then delve into the 
mechanics of translation. The chapter concludes by cx:imining 
how changes in DNA can lead to changes in protein srructurt 
and function. 

Non-template strand DNA 

Template strbnd 3' 

Chapt•r 16 Transcription and Translation 339 

16.1 Transcription in Bacteria 
The first step in convening genetic inform.ition into proteins is ro 
synthesize• messenger RNA venion of 1he instructions orchi,·cd 
in DNA. The en1.ymc RNA polymcrose, introduced in Ol3ptcrs 
14 •nd 15, is responsible for syn1hcsizing mRNA. like the DNA 
polrmcroses introduced in Choptcr 14, RNA polymcrosc per­
forms a rcmpl.ttc-dirrctcd synthesis in rhc S' - 3' direction. (Re-­
coll 1h01 5' and 3' refer to c3rbons on the su~ar subunils of 
rihonudcotidc:s.) llut unlike DNA polymerases, RNA polym• 
erase Jocs not require a primer ro begin transcription. 

Tr,nscription occurs when RNA polymer3sc m3tchcs the 
f,3,e in• rihonuclcotidc triphosphotc with the complement•· 
ry base in o gen<-> section of DNA. Once • m•tching ri­
bonucleotide is in pbce, RNA polymer3Se catal)'ZC:S the 
form•tion of a phosphodiester bond between the 3' end of 
the growing mRNA chain ond the new ribonuclcotide. As 
rhis marching-and-c.1ralysis process continues, an RNA chat 
is complcmentory 10 the gene is syn1hesized (Figure 16.1) . 
Note th31 only one of the two DNA Sltonds is used as a tcm­
plotc and tronscribcd, or "rcod," by RNA polrmerosc. The 
strand that is read by the enzyme is c•llcd the tompl•t• 
strand; the other strand is C:1lled the non-template strand. Bc­
cousc RNA has uracil (U) rothcr than thymine (T), on ade­
nine (A) in the DNA tcmplotc mood specifics a U in the 
complementary RNA mand. 

3' 

Rioloi;iSls reached these conclusions by studying RNA syn­
thesis in cell-free, or in vitro, systems. Once the basic chcmic:i1 

Phosphod"Kister bond is 

5• formed by RNA polymerase 
after base pairing occurs er .....,p ~ ,--... 

RNA 5' a 

~ a\' I 
f'--....... ir,--......, i)! -'J') .r. - 'T--<._- ,...'(< 0, 

OH 0 - / 
o a .,;i, 

OH OH OIi • '~ 
3' 

ONA template \ 

.. 
ill 
Iii 

... .. 
i •1 j 1· i =-- Hydrog"" bonds form bolween ! ! : j -..;;:..... e001plomen1:,ry bose pairs 

FlGURE 16.1 Tr1nsalption Is the Syn1hesls of RNA from• DNA Template 
The ,eac:1ion ntalyzed by RNA polyme,ase results in the fo,matlon of a phosphodiester bond betwcien 
ribonuclootides, RNA polymeraH produces an RNA strand wh<>5e sequence Is complementary to the bases in 
tht ONA templato. QUESTION In which d 1,cctio n i~ RNA synthcwcd, 5' -:r or 3' - • 5 '7 In wh ,ch d irec tion is 
the DNA t1;mpl .11e ",ead •? 

5' 
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340 Unit 3 Gene Structure and Expression 

reaction was understood, an entirely new set of questions 

-1rosc: 

• Whac docs RNA polymerase look like? 

• Are an)' other proteins or factors involved in transcription, 
or docs RNA polymerase ace alone? 

• How docs chc enzyme know where 10 stare trnnscripcion on 
the DNA template? 

RNA Polymerase Structure and Function 
To undcmand the sm1cturc of RNA polymerase, researchers 
have employed the technique called X-ray crystallography in• 
troduceJ in Chapter 4. Recall chat this procedure allows biolo­
gim to obrain infonnation about the three•dimensional 
structure of large, complex mol('CIJ(es. 

The most recent models of bacterial RNA polymerase indi· 
care that the enz)·mc is large and globular and has several 
prominent channels that run through the interior. The enZ)'me's 
acti1·e sire, where phosphodiestcr bonds form, is loc:itcd where 
several of these channels intersect. The active site contains a 
str:ttcgiolly placed magnesium atom (Mg2+), which pla)'S a 
critical role in stabilizing the transition state as the polymeriza• 
tion reaction rakes place. 

How does chis strucrure corrcb1e'with the cnZ)me's function? 
It is logic.al to predict that DNA fits into one of the enzyme's 
channels and that the two strands in the double helix separate in• 
side the enZ)mc ro expose a single-stranded template at the acri,·e 
sice. If so, how do the enzyme and DNA come together? 

Initiation: How Does Transcription Begin in Bacteria? 
li Soon after the discover}' of RNA polymerase, researchers real• 

• ~ izcd that the enz)•mc cannot initiate transcription on its own. 
~ Instead, a detachable protein subunit called sigma muse bind to 
~ RNA polymerase before uanscripcion can begin. RNA polym· 
t- erase and sigma fonn wlrnr biologists call a holoenzyme 

( "whole enzyme"). A holuc,nzyme consists of a core enzyrn", 
which contains the acti,·c site for catalysis, and other required 
proteins (Figure 16.2). 

If RNA polymerase is the core enzyme of this holocnzyme, 
what dnes sigma do? When researchers mixed RNA polymerase, 
sigma, and DNA tuge1her, they found that the holuc,nzyme hound 
tight!)' ro specific sections of DNA. These binding sites were 
named promoters, because they arc sections of DNA where tran• 
scription begins. TI1e discover}' of promoters suggested that 
sigma's function is regularor}' in nature. Sigma appeared IO be re­
sponsible for guiding RNA polrmerasc to specific loca1ions where 
uanscriprion should hegin, What is 1hc nature of these specific lo• 
cations? What do promoters look like, and what do they Jo? 

David Pribnow offered an initial answer 10 these questions 
\r 1~ in rhc mid-l970s. When Pribnow analyzed the hasc sequence 
~ of promoters from a varie1r of hactcria aml from ,·imscs tha1 

k " infect bacteria, he found that the promoters arc all 40-50 base 

Holoenzyme 

FIGURE 16.2 The Th,.,.,.oimensional Strvcture of RNA Polymerase 
Bactorial RNA polymeras!' is a globular enzyme. Sigma is• reg,,latory 
compononl, ond 1he core enzyme contains the active sitlt, 

pairs long and thac a panicular section in each promoter 
looked similar. This similar segment of DNA had a series of 
bases identical or similar to TATAAT. This six-base-pair se­
quence is now known as the -10 box, because it occurs about 
IO bases from the poinc where R,.'IA pol}merasc stam tran­
scription. (DNA that is located in the direction 1ha1 RNA 
polymernsc moves during transcription is said to be 
downstream; DNA in the opposite direcrion is said to be 
upstream. Thus, the - 10 box is 10 bases upstream from the 
cranscriprion stJrc site.) Soon after, researchers n:cognized that 
the sequence TTGACA occurred in these same promoters 
about 35 bases upstream from the stan of the mRNA. This 
second key sequence is called che -35 box. 

Follow-up work ·showed that transcription begins when 
sigma hinds 10 the -3S and -10 boxes (Figure 16.3, step I), 
This is a key poinc: Sigma, and not RNA polymerase, nukes the 
initial concnct with DNA that st:tns transcription in barnria. 
TI1is finding supports the h)'pothcsis that sigma is a regulatory 
protein. Sigma tells RNA polymerase where and when 10 start 
synthesizing RNA. 

Once sigma binds ton promoter, the DNA helix opens and 
creates two strnnds uf single-stranded DNA. As shown in step 2 
of Figure 16.3, the template strand is threaded through a chan· 
ncl that leads to the acti>·e site inside RNA polymerase. 
Monomers known ns ril,c11111clcosi.fc trip/,osph,lles, or NTPs, 
enter a channel nt the honom of the enzyme and diffuse to the 
nctivc site. When an Incoming NTP pairs with n complementa• 
ry base on the template strand of DNA, RNA polymerization 
begins. The reaction catal)'zed hy RNA polymerase is cxcrgonic 
and spontaneous because l'fl"Ps luvc: so much potential energ)', 
owing 10 their three phosphate groups. As step J of Figure 16.3 
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HOW TRANSCRIPTION BEGINS 

-35 box Promoter -to box ~~~~mplllte 

CT~:~-~MTCATCGAACTAiAT,TAGTACGC 

Upstream ~ Sigma 

~ 
Downstream 
DNA 

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

Template strand 

1/ Non-template strand 

2. lnlUatlon 
continues 
Sigma opens the 
DNA helix; 
transcrfpLion begins. 

3. tniUaUon ls 
complete 
Sigma roloosos; 
mRNA synthesis 
continues. 

Oownslleam 
DNA 

FIGURE 16.3 In Bacteria, Sigma Plays a Key Role In Initiating 
Transcription 
When sigma attaches to RNA polymoroso, the holoenzyme is able to 
bind to the -35 box and tho -10 box ol a promoter. Once ii has 
bound to a promoter, sigma opons tho DNA helix and threads the 
template st,and through the enzyme's active site. When !Ianscriptlon 
is under way, sigma disongogos from RNA polymerase. EX ERCISE 
C rcln and label RNA oolymt:1J!.e·s a!:tiv(' ~•lo. 

Chapter 16 Transcription and Translation 341 

shnws, sii;ma is rclcasc,I once RNA srnthesis is under wa)·. The 
initiation phase o( transcriprion is complete. 

Recent work has shown rhat most hacrcria ha,·c several 
rypcs n( sigma proteins, each wirh a distinctive structure and 
fun'1ion. Escl1trichia coli has seven diffemll sigma proteins, 
for example, while Strr{ltomyus coclicolo11r has more than 60. 
Each o( rhcse prorcins hinds ro promorers wirh slighdy differ­
ent DNA base sequences, Although all promoreri; have a 
-10 hox and a -35 box, rhe sequences within each box vary 
somcwhar. TI1ese ,•ariarions in DNA sequences affect the abili• 
ry o( differenr sigma prorcins to hind. As a result, each type n( 

sigma prorcin allows RNA pol)·merasc: ro bind ro a different 
type o( gene. Tiie identity o( the sii;ma prorein in rhe RNA 
polymerase holoen1.)·me determines which types o( genes will 
be transcribed. Thus by controlling which sigma prorcins arc 
acrivc, bacterial cells control which i;enes are expressed. 

Elongation and Termination 
During the elongatlon phas. o( rranscription, RNA polymerase 
moves along the DNA template in the 3' - 5' direction o( rhe 
templare strand, synrhcsizing RNA in the 5' - 3' direction. In 
the interior o( the enzyme, a group of projecting amino acids 
called rltc enzyme's :ippcr helps open the double heli.,c ar the 
upsm,am end, and a nearby i;roup o( amino acids called the 
rtrdder helps sreer rhe template and non-template strands 
through channels inside the enzyme .. Meanwhile, the enz)•mc's 
active sire catalyzes the addirion of nucleotides to the 3' end of 
the growing RNA molecule at the rate o( about 50 nucleotides 
per second. 

Nore that durini; the elongation phase o( transcription, 
three prominent channels or grooves in the enzyme arc filled. 
Doublc-manded DNA goes into and out of one groove; 
ribonucleoside rriphosphares enter anorher; and the growing 
RNA strand cxirs 10 the rear. In rhis way, the cn1.yme's struc­
ture correlates closc:lr with its function. 

Transcriprion ends wirh a termination phue. In mos1 cases, 
transcription stops when RNA polymerase: rc:tchcs a strcrch o( 

DNA sequence rhat functions as a transcription termination 

signal. The bases rhat make up rite rermination signal code for a 
merch of RN/\ wirh an unusual propcrt)·: As soon ns ir is syn­
thesized, the RNA sequence folds back on irsel( and forms a 

shon double helix that is held toi;ethe'r h)' complcmenruy hasc 
pairing. The secondary mucrure that results is called a /,;1irpi,1 
(see Chapter 4 ). The formation o( rite hairpin structure is 
thought to disrupt the interaction between ltNA pol)·merase 
and rite RNA rranscripr, resulting in rhe physical scpararion o( 

rhe enzyme and its product. 
To summarize, rrnnscription hcgins when sigma hinds ro the 

promoter nt rite sran of a i;ene. Once binding occurs, RNA 
polymerase begins to synthesize mRNA. Transcription ends 
when n 1en11i11atio11 sii;nal at rhe end o( the i;ene lends m the 
formation of a hairpin in the rnRNA, disrupring the tran<crip­
rion complex. 
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342 Unit 3 Gene Structure and Expression 

16.2 Transcription in Eukaryotes 
The data re\'iewed in Section 16:1 established how transcrip­
tion occurs in bacteria. How do these results compare with re­
search on the mechanism of transcription in eukaryotes? What 
simi'3rities and difference.~ have come to light? 

One of the first conclusions about transcription in euknr)'otes 
is that it is similar to bacterial transcription in an imponant re­
spect: RNA polrmerase docs not hind direct!)' ro promoter se­
quences by itself. Instead, proteins that came to be c.1lled basal 
transaiption factors initiate eukar)'Otic transcription by matching 
the enzyme with the :ippmpriate promoter region in DNA. The 
function of basal transcription factors ohscf\'ed in eukar)·otes is 
analogous to the function of the sigma proteins in bacteria. 

1l1e disco1·ery of basal transcription factors emerged from 
studies with cell-fr«', or in 1•itro, systems. The hasic approach 
was to purify RNA polymerase from human cells, add tem­
plate DNA, and analyze the RNAs that were produced. But in 
earlr experiments, researchers found that RNA pol)·merase 
began copring at random locations on the template DNA in­
stead of spccificallr at promoter regions. In addition, when 
RNA polymerase was alone, both strands of the DNA were 
transcribed instead of just one. This observation inspired the 
hn,othesis that eukaryoric cells mun contain sigma-like pro• 
reins that arc required for normal transcription. To test this hy­
pothesis, biologists added proteins isolated from human cells 
to the cell-free reaction system. B~• adding one or a few proteins 
at a time and recording which ones enabled RNA polymerase 
to bind 10 promoters and corr«tly transcribe the template 
strand, researchers were gradually able to charactcri1.c the suite 
of proteins that came to be called basal transcription factors. 

Follow-up work confirmed sc1·eral important distinctions 
abour how transcription works in bacteria and eukaryotes: 

• In bacteria a single sigma protein binds 10 a promoter and 
initiates transcription, hut in eukaryotes many hasal tran­
scription factors arc required to initiate transcription. 

• Eukaryotes ha1·e three distinct types of RNA polymerase (ab­
breviated RNA poll instead of just one. As Table 16.t 
shows, RNA pol I, pol 11, and pol Ill each transcribe a dis-

TABLE 16.1 Eukaryotic RNA Pol_ymerases 

Nam, of Enzyme Type of Gene Transcribed 

RNA polymorns.o I Genes that code for most of the large 
(RNA pol I) RNA molecules (rRNAs) found In 

ribosomes (see Section 16.3) 

RNA polymerase II Protein-coding genes (produce mRNAs) 
(RNA pol II) 

RNA polymerase Ill Genes that code for transfer RNAs (see 
(RNA pol Ill) Section 16.4), and genes that code for 

one of the small RNA molecules (rRNAs) 
found In ribosomes 

RNA pol II nnd RNA molecules found In snRNPs (soe 
RNApol III Section 16.2) 

crele class of RNA. Onlr RNA pol II transcribes the genes 
that code for proteins. Stated another W3)', RNA pol 11 pro­
duces mRNA. RNA pol 1, in contrast, makes the large RNA 
molecules that are found in ribosomes. RNA pol Ill manu­
factures hoth the small RNA.~ thar arc found in rihosomes 
and the mok-cules called transfer RNAs, which arc required 
for translation. Box 16.t explains how research on toxic 
mushrooms led to the discovery that eukaryotes have three 
different RNA pol)·mcrases. 

• Although cukaryotic genomes contain promoters that signal 
where transcription should begin, just as bacteria do, the 
promoters in cukaryotic DNA arc much more diverse and 
complex than bacterial promoters. Many of the cukaryotic 
promoters recognized by RNA polymernsc 11 include a 
unique sequence called the TATA box, located 30 base pain 
upstream of the transcription start site. Some of the promot• 
ers recognized hr pol 11 do not contain a TATA box, howev­
er. In addition, RNA pol I and pol Ill interact with cntircl}· 
different promoters. 

The overall message of this rcse.1rch is that the molecubr 
mechanisms involved in transcription arc much more complex 
in eukaryorcs than in bacteria. An e1·cn more striking contrast 
between bacterial and eukaryotic gene expression emerged 
when researchers discovered that cukaryotic genes do not con­
sist of one continuous DNA sequence that codes for a product, 
as do bacterial genes. Instead, the regions of cukaryotic genes 
that code for proteins come in pieces that are separated by hun• 
drcds or many thousands of intervening DNA bases. Although 
these intcf\'ening bases arc pan of the gene, ther do not code 
for a product. 

The Startling Discovery of Eukaryotic Genes 
in Pieces 
When researchers re,1lized that the protcin,oding regions of 
eukaryoric genes arc interr11prcd by stretches of noncoding 
DNA, it become clear that the nature of the gene and informa• 
tion processing arc different in bacteria an<l eukaryotes. In eu­
karyotes, the conversion of information in DNA sequences to 
mRNA sequences does not occur direct!)'. To make a functional 
mRNA. cukaryotic cells musr dispose of certain sequences in­
siile genes and then combine the scp:iratcd coding sections into 
an integrated whole. 

What sort of dnta would provoke such o startling claim? To 
answer this question, consider work that Phillip Sharp and col­
leagues carried out in the late 1970s to determine how DNA 
templates are transcribed. The)' began one of their experiments 
by heating DNA molecules enough 10 break the hydrogen 
honils between complcmcntory bases. This treatment separated 
the two strands. The single-stranded DNA was then incubated 
with the mRNA encoded by the sequence. The team's idea was 
to promote base pairing bet1wcn the mR.i'IA and the single-
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Toxins and Transcrii:>tion 

Ahhough wild mushrooms can he deli­
cious, <lining on certain species ma)' be 
lethal. For example, in lare summer and 
fall rhe rcproducrh·c structures of rhc 
dearh cap mushroom (A111,111itJ pb,1/. 
loidrs) appear in forests, fields, and 
backyards in Nonh America and Europe 
(Figure 16.41. The dearh cap is amoni: 

FIGURE 16.4 Tho Doath Cap Mushroom 
These mushrooms contain the toxin 
tt-amanitin, which at low concentrations 

poisons the eulwyonc enzyme RNA 
pofymeraso II . QUESTION St.lit" n hypoth~i.., 

::J c,ol.-:! ·n why :hi? c re~nr:c or n i'r.-:.]nI11n 

1r C!~-::1:S :I--.'.= fi tr. ess of de.lth ap rn!..:~hi o orr.~. 

rhe mosr poisonous of all mushrooms. 
Worldwide, ir is 1hm1gh1 10 account for 
90 percent of mushroom poisoning 
dearhs. Eating a single dcarh cap can kill 
a health)' aduh. 

111c acti,·e agent in death caps is a 
toxin called ct·amanirin. B)' happen­
stance, researchers who ,,·ere invcstig.1t• 
ing a •.:un:rnilin 's mo<lc of action made a 
crucia I discovery about 1ranscrip1ion in 
eukaryotes. 1l1e researchers observed 
1ha1 mRNA synthesis stopped when cu• 
karyotic cells were rreared with low 
concentrations of o-am:mitin. Tlu: 
production of other rypcs of RNAs­
spccificall)', transfer R,'IAs (tRNAs) and 
ribosomal RNAs (rRNAs)-<on1inued, 
however. At \'cry high concenrrntions 
of the toxin, rRNA producrion also 
stopped but rranscriprion of rRNA genes 
continued. These observations c,·cntual-
1)' led 10 the discol'cry that eukaryotes 
have three RNA polymerases, each 
wirh a disrincl role in the transcription 
of mRNA, rRNA, and rRNA. Low con• 
ccntra1ions of a-amanirin inhibit 

RNA pol)'merase 11, which synthesizes 
mRNAs. As a result, low concentrations 
of the toxin halt protein S)'nthcsis. High 
concentrations of this poison block 
RNA polymerase Ill, which synthesizes 
1RNAs. RNA polymerase I is not affccr­
ed by a -amanirin ar any concentration. 

Toxins such as a-amanitin arc useful 
in research on rranscriprion and rransla-
1ion for the same reason 1ha1 knock-our 
mutations, which completely disable 
genes, arc useful in generics. Toxins allow 
researchers 10 understand what happens 
when a molecule or a particular stage in 
a process docs not work. This is similar, 
in concept, to learning how a car works 
by removing a part or a system and carc­
full)' recording the machine's response; 
or 10 learning how the brain works by 
studying 1he behavior of people whose 
brains hal'e been damaged in specific, 
quantifiable wa)-s by accidents. Toxins 
and knock-out murarions provide a mo­
lecular dissecting kir. They let biologists 
expl~re the inrric;icies of cell function by 
inacri\·ating key components. 

stranded DNA. Under these conditions, the resc;irch team ex­
peered rhc mRNA to form base pairs with the DNA sequences 
rhar act as the template for its synthesis. When the researchers 
examined rhe DNA-RNA hybrid molecules with rhe clccrr<m 
microscope, however, they obsen·eJ rhe structure shown in 

Figure 16.Sa. Instead of marching up exactly, parts of the DNA 
formed loops. As Figure 16.Sb shows, Sharp and his co­
workers interpreted rhcse loops as stretches of nuclrotides rhar 
are present in the DNA 1empla1c srrand bur arc rror in the cor­
responding rnRNA. 

(a) Micrograph of DNA-RNA 
hybrid 

(b) Interpretation of micrograph 

c-? Single-stranded 

~ Slngl••sttanded DNA 
bas• paired wilh mRNA 

(c) Genes and RNA transcripts differ in length. 
~ lntron Exon 

:a M w -~ • 
Size of gene (ONA) 

Slzo ol ANA transcript 

FIGURE 16.S Tho Discovery of Noncoding Regions of DNA 
(a) Electron micrograph of single-stranded DNA that is bonded via 
complementary base pairing to the mRNA it encodes. (b) Researchers' 
interpre1a1ion of the photograph in part (a). The loops repre-sent regions 
of DNA that do not have an equivalent sequence in the mRNA. These 
intervening regions ue "o ,i. tra" ONA compared with the sequences in 

the mRNA. (c) Because eukaryotic gones contnin both lntrons and exons. 
thoso genes are much larger than the corresponding maturo mRNA. 
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To make sense of these and other findings, Sharp's 11roup 
and a team headed by Richard Robcm proposed that there is 
1101 a one-co-one correspondence between the nucleotide se­
quence nf a eukaryotic gene and its mRNA. By analogy, eu­
karymic genes do not carry messages such as "ninlogy is m)' 
favorite course of all time." Instead, eukaryotic genes carry 
messages that read something like "BiolTl)Cff/l<>rc1vxoc5wy,.c­
-y101•uo,f,yc1•«rogy is Ill)' fol'or l't/l£11'T£/l/llfrtrcli/J,J,1•<>1•,toou•yll­
ite course ofm•lilJllw,:rnt3r.rr.rA1.tcliwyE'Mjcpall time." The scc­
rions of noncoding sequence must l,c remm·eJ frnm the mRNA 
before it can carry an intelligible message to the translation ma­
chine')'. 

When it became clear that the genes-in-pieces hypothesis 
was corrccr, Walter Gilbert suggested that regions of eukaryot­
ic genes tJ131 nrc p,m of the final mRNA be referred to as exon1 
(because they arc rxprcs.,cd) and the untranslated stretches as 
lntrons (because they are i11/cr,cning). lmrons arc sections of 
genes that are not represented in the final mRNA product. As a 
result, eubryoric genes are much larger than their correspond­
ing mal\lrc RNA transcripts (Figure 16.Sc, page 343). 

Exons, lntrons, and RNA Splicing 
The transcription of cub')·otic genes b)' RNA polymerase 
generates a primary RNA transcript that contains both the 
exon and intron regions (Figure 16.6a). As transcriprion pro­
ceeds, the inrrons are removed from the growing mRNA 
strand by a process known as splicing. In I his phase of infor­
m3tion processing, pieces of the prima')' transcript arc re­
moved and the remaining segments are joined together. 
Splicing occurs while transcription is still under way and re­
sults in an mRNA that cont.tins an uninterrupted genetic 
message. 

Figure 16.6h provides more detail about how introns arc 
remO\·ed from genes. In the case illusrrated here, splicing is 
catal)'zed by a complex of proteins and small RN As known as 
small nuclear ribonuclcoproteins, or 1nRNP1 (pronounced 
·snurps"). The process begins when snRNl's hind 10 specific 
sequences on the primary RN,\ transcript that define the 
exon-intron boundaries. Once the initial snRNl's arc in place, 
other snRNPs arrive co form a mulripart complex called a 
1pllceo1ome. Recenc data have shown that the spllceosomes 
found in human cells conrain about 145 different proteins 
and RNAs, making them the most complex molecular ma­
chines known. Once the spliceosomc forms, the imron forms 
a loop with an adenine ribonucleoride at its base (step l, 
Figure I 6.6b). The loop breaks when the 2' hydroxyl group 
on the adenine a11acks a phosphodiestcr bond ar the 5' end of 
the intron. 

Once rhe inirial cur in the RNA is made, rhc fn.'t: S' end nf the 
inrron becomes anached m the adenine nucleotide and fonns a 
"lariat" of RNA (step 2, Figure 16.6b). Then the free 3' end of the 
first exnn re:ms with the 5' end of the second exon. 11,is reac1iun 

(a) Noncoding regions must be removed from RNA transcripts. 

lntron 1 lntron 2 
DNA 3' 

Promoter Exon l Exon2 
s· 

Exon3 

Prlmruy RNA transcript s· !:::::".~~:: :::::::::;;::::::;:::::: 3' 

Spliced transcript s· c:::::::~::::J 3· 

(bl snRNPs ARE THE EDITORS. 

5' 

Exon 1 Exon2 

1. Several snRNPs and 
pmtelns assemble 10 
lorm a spliceosome. 
The 2' hydroxyt g~ 

3· ~=~:~:e 
the intron, breaks,g RNA. 

2. The s· enct of the 
lntron becomes altached 
to lhe A rwdeotide, 
forming a loop or RNA. 
The free 3' end ol one 
exon attacks tiles· end 
ol lhe other. 

3. The s· anc1 s· enc1s 
or odj3Cenl exons bond 
covalenlly, relB:1Slng the 
lntron (which wll then 
degrade). 

FIGURE 16.6 Intrans Are Spliced Out of the Orlgl~I mRNA 
(al RNA pofymeraso produces a primary RNA transcript that contains 
exons end lntrons. Subsoquent proceuing gonerates a mature 
tranKript. (bl snRNPs are responsible for tho splicing reactions that 
take place in tho nucleus of eukaryote.. 
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5'cnp Coding region of mRNI\ Poly (A)tall 

FIGURE 16.7 In Eukaryot&s, mRNAs A,. Given a Cap and a Tall 
Eukaryotie mRNAs have a cap consisting of a molecule called 
7-mothylguanylate (symbolized as m7G) bonded to threo phosphate 
groups; the tail is made up of a long series of adenine residues. 

hn:3ks the J' end of the intron 3nd Clwalcntl)' joins the two exons 
into 3 contiguous coding sequence (step 3, Figure 16.6h). Splicing 
is now complete. In most cases, the excised intron is dcgr.1dcd 10 
ribonuclcoride monophosphatcs. 

Current data suggest that both the cutting and rejoining 
reactions that occur during splicing arc catal)'zed h)' RNA 
molecules in the spliccosome. Recall from Chapter 4 that 
RNA molecules with cat:tl)'tic ahilit)• arc called ribozymes. 
In eukaryotes, ribozymcs play a ker role in the production 
of proteins. 

Other Aspects of Transcript Processing: 
Caps and Tails 
lntron splicing is not the onlr way that prima11• mRNA tran­
scripts arc processed in eukaryotes. As soon as the 5' end of a 
eukaryotic mRNA emerges from RNA polrmcrasc, enzrmes 
add a srrucrure called the 5' cap (Figure 16.7). The cap consists 
of the molecule i-methylguan)'late and three phosphate groups. 
When transcription is complete, :in enzrmc deaves the 3' end 
of most mRNAs, and other enzrmcs add a long tract of 
100-250 adenine nucleotides. This sequence is known as the 
poly (A) tail. 

Not long after the caps and tails on cuka11•otic mRNAs 
were described, evidence began 10 accumulate that they pro­
tect mRNAs from degradation by ribonudeases 3nd that they 
enhance the efficiency of translation. For example, experimen­
tal mRNAs thar have a cap·and a tail Inst longer when they arc 
introduc~d into cells than do experimental mRNAs that lack a 
cap, a tail, or both a cap and a tail. The mlU'1As wi1h caps and 
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t.1ils also produce more pro1eins than do mRNAs without 
caps and tails. 

Rccenr work has shown why ,he cap and ,ail arc so critical 
to mRNAs. The 5' cap sen·cs as a recognition signal for the 
1m1sb1iun machinc11·, and the polr (A) rail extends the life 
span of an mRNA hy protecting the message from degradation 
b)• rihonuclcases in the q·topl:1sm. 

✓CHECK YOUR UNDERSTANDING 

Transcription occurs when RNA polymerase catalyzes the 
5' - 3' synthesis of an RNA molecule. RNA synthesis is driv­
en by the potential energy stored in nucleotide triphos­
phates and is based on matching complementary base pair, 
to the sequence in a template DNA strand. Table 16.2 sum­
marizos some of the similarities and differences observed in 
transcription In bacteria ver,us eukaryotes. You should be 
able to diagram (1) how transcription Initiation, elongation, 
and termination occur in bacteria and eukaryotes and 
(2) how mRNAs are processed fn eukaryotes. 

16.3 An Introduction to Translation 
In translation, the sequence of bases in a messenger RNA mole­
cule is converted into a sequence of amino acids in a polypeptide. 
l11e genetic code specifies 1he relationship between the bases of a 

triplc:t codon in mRNA and the amino acid it codes for (sec 

Chapter 15), But how arc the amino acids assembled into a 

pol)'peptide according to the information in messenger RNA? 
Stud)·ing how translation occurred in cell-free systems 

proved to be an extremely producti\·e approach 10 answering 
this question. Once in vitro translation sysrems had been de\·cl­
oped from human cells, E. coli, and a variety of other organ­
isms, it became clear that the basic mechanisms of translarion 
arc fundamentally 1hc same throughout the tree of life. The se­
quence of even1s rl13t occurs during protein synthesis is simibr 
in bacteria and euka11·otes. 

TABLE 16.2 Comparing Transcription in Bacteria and Eukaryotes 

Aspect 

RNA polymeraso 
Promoter structure 

Protoin(s) Involved in 
contacting promoter 

RNA processing steps 

Bacteria 

·one 

Typfcally contains a -35 bo• and a 
-tO bo• 

Sigma; different versions of sigma bind 
to different promoters 

None; translation occurs while 
transcription is still under way 

Eukaryotes 

Three; each produces a different class of RNA 
Comple• and variable; often includes a TATA bo• 
-30 from start of gene 

Many basal transcription factors 

Extensive; several processing steps occur in nucleus 
before RNA is e•ported to cytoplasm for translation: 

1. Enzymo-catalyzod addition of S' cap 
2. Splicing (inlron removal) by splicoosome 
3. Enzymo,catalyzod addition ol 3' poly (A) tail 
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(■) In bacteria, transcription and translation are tightly coupled. 

Ribosome trnnstnles 
mRNA as It Is being 
synthesized by ANA 
polymerase ~ 

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

_,., ·-~ 
,,. i . 

p~ ·_,::. , 
. '!G ' 

us 

i 

~ 
i 

ture -ff 
NA i 
Transta1io .. n 

7
. ;1' 

in cytopla,m ; · 

ein _,,* . 
¢~? 

Ribosomes Are the Site of Protein Synthesis 
The first question that biologists answered abo111 translation 
concerned where it occurs, l11e answer was inspired b)' a sim­
ple observation: There is a strong, posiri\•e correlation between 
rhe number of small cellular structures known as ribosomes in a 
given type of cell and the rate ar which thar cell S)'nthesi1.es pro­
teins. For example, immature human red blood cells divide rap­
idly, synthesize millions of copies of the protein hemoglobin, 
and contain large numbers of ribosomes. In contrast, the same 
cells at maturity have low rates of protein synthesis and very 
few ribosomes. Based on this correlation, investigators pro­
posed 1ha1 ribosomes are the site of protein synthesis in the cell. 

To test this hypothesis, Roy llrinen and collaborators did a 

pulse-chase expcrimenl similar in design to experimenrs intro• 
duced in Chapter 7. Recall thar the goal of a pulse-chase cxpcr­
imenr is to label a population uf molecules as rhe)' are being 
produced. TI1e location of rhe tagged molecules is then fol­
lowed through rime. The ragging is done by supplring a pulse 

5' end of mANA 

Protein 

Ribosome 

lymerase 

FIGURE 16.8 Transcription and Translation Occur 
Simultaneously In Bacteria but Not in Eukaryotes 
(a) In bacteria, ribosomes attach to mRNA transcripts and begin 
translation while RNA polymerase is still transcribing the ONA 
template strand. (b) In eukaryotes, mRNA transcripts are 
processod Inside the nudellS before they are expo"ed to the 
cytoplasm. There, they are transfared by ribosomes. EXEROSE 
In b.ic1c6t1. fTT!lfl)' ribosome~ anach t.:J nn mRNA tr anscript at the 
snmC? t irnc-~o rn:my copies o f 1he prctcin product nre mnde 

sir.iultar.C'cu,ly. Add rwo ribo~omes to the longe:a rr.RNA 

1ransc ript in pml (o). along wi th the pro!e in each i:s producing 

of radioactive atoms rhat are incorporated imo the molecule as 
it is being synthesized, followed by a chase of unlabeled atoms. 
Britten's group wanted to label amino acids with rad ioactive 
atoms and then rrack rhe molecules as translation occurred. 

The biologists began b}' feeding a pulse of radioactive sulfate 
(35S0◄ -2) 10 growing cultures of E. coli. They expected rhe cell< 
to incorporate the radioacti\•e sulfur into the amino acids me­
thionine and cystein~which conrain sulfur (sec Chapter 3)­
and then into newl}· synthesized proteins. Fifteen seconds after 
adding the radioactive sulfate, the rcst"archers "chasc.-d" the 
label by adding a large excess of nonradioacti\·e sulfate ro rhe 
culture medium, The chase vastl)' reduced the incorporation of 
radioactive sulfur into proteins. If the ribosome hypothesis was 
correct, then the r:1dioac1h·c signal should be associated wirh ri­
bosomes for a short period of time. Later, all of the radio;icrivi• 
t}' should be found in proteins independently of the ribosomes. 

This is cxactl)· what the rcseatchers found. Soon after the 
pulse of labeled sulfate ended, the radioacrive atoms were 
found in free amino acids or in ribosomes. later, all of the ra­
dioactive nroms were found on completed proteins. Based on 
these data, biologists concluded 1ha1 proteins are S)'lllhcsized at 
ribosomes and then rele3seJ. 

About a decade after the ribosome hypothesis was con• 
firmed, electron micrographs like this chaprer's opening phoro­
graph showed bacreria l ribosomes in action. The images 
confirmed that, in bacteria, ribosomes anach 10 mRNAs and 
l>egin S)'l1lhcsizing proteins even before transcription is com­
plc1e (l'igurc 16.Ba). Transcription and translation can occur 
concurrcntl)• in bacteria because there is no nuclear envelope 10 
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scplrlte the two processes. In bacteria, uanscroptmn and 
rranslation are ph)·sicall)' connected. But in eukaryotes, 
mRNAs an: spliced in the nucleus anti then exported to the 
cytoplasm. Once RNA messages arc outside the nucleus, ribo­
somes attach to them and begin translation (Fi~ure 16.8b). In 
eukaryotes, transcription and translation are ~eparated in 
time anJ space. 

How Does an mRNA Triplet Specify an 
Amino Acid? 
During translation, genetic information is converted from nu­
cleic acids to proteins. In effect, the hereditary instructions arc 
translated from one distincth·e chemic:,! language into another. 
The discm·er,• of the generic code revealed that each triplet 
codon in mRNA specifies a panicular amino acid in a protein. 
How does this com·ersion happen? 

One r:irl)' hrpothesis was that mRNA codons and amino 
acids interact directly. The proposal was that the bases in a par­
ticul>r codon were complementar,· in shape or charge to che 
side group of a particular amino acid (Figure 16.9a). But Fran• 
cis Crick pointed out that the chemistry involved didn't make 

(a) Hypothesis 1: Amino adds interact directly with 
mRNA codons. 

Amino 
acids 

mANA 

Peptide bonds 

-s-s-sls-
/ : ... ; ; ... i : \ :' :~. 

·.o.i_u~=m._c.::a-::G_ 
'-r' '-r''-r' '-r' 
Codon Codon Codon Codon 

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

= ffllArg,.., Gly 

Adapter 
molecules 

l:•. ::\: \ il\ 
07'.rU:J;.::0-iG\::A~ G mANA 

........... '-r' '-r' '-r----' 
Codon Codon Codon Codon 

FIGURE 16.9 Two Hypothesos for How mRNA Codons lnter1ct 
with Amino Acids 
(a) An early hypothesis suggested that amino acids and mR~A 
codons Interact directly. (bl The adapter-molocule hypothes,s . 
predicts that mRNA codons do not Interact directly with the ammo 
acids being added to a growing polypeptide. lnste~d, on 
Intermediary adapter moleculo car,ies an amino ac,d and allgns It 
with the approprioto mRNA codon. 
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sense. For example, how could the nucleic acid bases interact 
with n hydrophobic amino acid side group, which docs nor 
form hydrogen bonds? 

Crick proposed an alterna1i,•e hypothesis. As Figure 16.9b 
shows, he suggested rhar some sort of adapter molecule holds 
amino acids in place while interacting directly and specifically 
with n c0<lon in mRNA via hydrogen bonding. In essence, 
Crick predicted the existence of a chemical go-between that 
produced a physical connection between the rwo types of mol• 
eculcs. Crick, as it turns our, was right. 

16.4 The Role of Transfer RNA 
Crick's adapter molecule was disco\'ered by accident. Biologists 
were tr}'ing 10 work our a cell-free protein synthesis system Jc­
rived from mammalian liver cells and had discovered thar ribo­
soines, mRNA, amino acids, ATP, and a molecule called 
guanosine triphosphare, ur GTl', had 10 be present for transla­
tion 10 occur. (GTl' is similar 10 ATP but conrains guanosinc in­
stead of adenosine.) These results were logical-ribosomes 
provide the catal)·tic machinery, mRNAs contribute the mes­
sage 10 be translated, amino acids arc the building blocks of 
proteins, and ATP and GTP supply potential energy to drive the 
endergonic polymerization reactions responsible for forming 
proteins. But in addition, a cellular fraction that conuincd a 
previously unknown type of RNA turned our to be indispensa­
ble, If this type of RNA is missing, protein synthesis docs not 
occur. What is this mysterious RNA, and why is it essential 10 

translation? 
The novel class of RNAs eventually bcc:ime known as 

transfer RNA (tRNA). The role of tRNA in translation was a 
mystery until some researcher.. happened to adJ a radioactive 
amino acid-leucin~o an in vitro protein synthesis system. 
The trcMmenr was actuallr Jone as a control for an unrelated 
experiment. To the researchers' amazement, some of the ra­
dioacth·c leucinc attached to tRNA molecules. Follow-up ex­
periments showed that the attachment of an amino acid to a 
tRNA requires an input of energy in the form of ATP. A tRNA 
molecule that becomes covalently linked to an amino acid, such 
as 311)' of the molecules observed in the lucky experiment, is 
called an 1mino1eyl tRNA. More recent research hos shown that 
eozymes called 1mino1eyl tRNA syntho11 .. s arc responsible for 
caraly-ting the aJJirion of amino acids 10 tRNAs. For each of 
the 20 major amino acids, there is a different aminoacyl syn­
thetasc and one or more tRNAs. Figure 16.10, page 348, sum• 
marizes how amino acids are transferred from antinoacyl tRNA 
synrhernses to rRNAs. 

What happens to the amino acid that is carried by an 
aminoacyl tRNA? Biologists who tracked the fate, over time, of 
raJioacth·e leucine molecules that were anachcJ 10 tRNAs dis­
covered that the amino ncids arc transferred from aminoJcyl 
rRNAs 10 proteins. The Jara that support this conclusion are 
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HOW AMINO ACIDS ARE LOADED ONTO tRNAs 

• / ~ AMP 

AMP 
ij tRNA 

Aminoacyl tRNA 

1, Active slle on aminoacyl 
tRNA synthotose binds ATP 
ond omlno acid. Each 
aminoacyl tRNA synthetase 
is specific to ono amino acid. 

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

3. The activated amino acid 
is transferred from tRNA · 
synlhetase lo the tRNA 
specific lo that amino acid. 
The moloculo !hat results Is 
an aminoacyl tRNA. 

4. Tho omlno3cyl tRNA Is 
now ready to participate In 
translation. 

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

shown in Figure 16. I I. The graph's message is that radioactive 
amino acids arc lost from 1RNAs and incorporated imo 
polypeptides synrhcsizcd in ribosomes. Thc:sc resuhs inspired 
the use of traus(er in tRNA's name. The experiment also con­
finned 1ha1 aminoac)'I tRNAs act as the interpreter in the trans­
lation process. tllNAs arc Crick's ada111cr molecules. 

Connecting Structure with Function 
Transfer RNt\s serve as the chemical go-bmveens that allow 
amino acids to imeract with nn mRNt\ template. llut precise!)' 
how does this connection occur? 

' Question: Are amino acids that ,are attached fo. tRN~ 
molecules transferrecl to proteins? 

Hypothesis: Aminoacyl tRNAs transfer amino acids to 
growing polypeptides. 

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

Experimental setup: 

~~ 
leuclne 

~ 

1. Attach radioactive 
leucine molecules to 
tRNAs . 

Radioactive~ tRNA 

mRNA + T I 
Ribosomes -u 

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

Prediction: Radioactive amino acids will be found in 
proteins. 

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

Results: Radioactive amino acids 
,:; start artached to tRNA 

tPJ.'I 
Protein 

§ ~ 200 ' Radioactive amino nclds 
'" .E are rapidly Incorporated ] i Into protein 
lll C 

iii_ 300 y;;\ e , 

~ 6 100 \. 

~~ "~ 
10 15 

Time (minutnJ 

Conduslon: Amlnoacyl tRNAs transfer amino acids to 
growtr:igpo~ 

20 

FIGURE 16.11 Experimental Evidence That Amino Acldi Are 
Transferred from tRNAs to Proteins 

This question w.is answcml h)· rcsc.irch on tRNA's molecu­
lar structure. The initi.il smdies established the sequen~ of nu­
cleotides in various tRNAs, or what is termed their primary 
structure. Transfer RNAs nrc rd.itivd)· short, ranging from 75 
to 85 nuclcntidcs in length. When biologists studied the pri· 
m.iry sequence closely, however, they noticed that certain pans 
of the molt'Culcs L':lll form secondary structures. Spe.:iiically, 
some of the hases in the tRNA molecule can form hydrog~n 
hunds with complementary l,.ises in n different region of the 
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(o) Secondary structure of tRNA 

3' 

Loops consist 
of unpaired 
bases 

A 
C 
C 

s· 

FIGURE 16.12 Tha Structunt of Transfer RNA 
(a) The secondary structure of tRNA resembles a cloverleaf. 
(b) If amino acids are attached to the 3' end of a tRNA with an 
anticodon appropriate for that amino acid, then the tRNA 
anticodon will form a complementary base pair with the mRNA 
codon. (cl Recent data indicatc that tRNAs havc an L,shapcd 
tertiary structure. 

same molecule. As a result, the entire tRNA molecule could as­
sume the cloverleaf shape illustrated in Figure 16.12a. The 
stems in the clo1·crlcaf arc produced by complementary base 
pairing between different portions of the molecule, while the 
loops consist of single-stranded RNA. 

Two aspectS of this secondary strucn1rc proved especfally in­
teresting. The CCA sequence at the 3' end of the molecule of­
fered <1 binding site for amino acids, while the triplet on a loop 
on the opposite end of the clo1·erleaf could serve as an anti­
codon. An anticodon is a set of three nucleotides that forms 
b3sc pairs with the mRNA codon. Figure 16.12b depicts an 
early model of how the antirndon of a tRNA connects an 
mRNA codon with the appropriate amino acid. 

This model had to be modified, ho11·c1·cr, when X-ray 
erysrnllograph}' studies re1•ealcd the tmiary structure of 
rRNt\s. Recall from Chapter 3 that rhc tcrtiar)' structure of a 
molecule is defined by the threc-dimensionll arrangement of 
its atoms and is usuall)' a product of folding. According to 
the X-ray cr)'Stallogrnphy data, the cloverleaf structure folds 
over to produce an !.-shaped molecule (Fil\urc 16.12c). All of 
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(b) Early model of tRNA function 

~~no SW 
3' -- Binding site for 

amino acid 
5' 

(cl Revised model incorporating tertiary structure of tRNA 

3' 

the tRNAs in a cell have the same L-shaped structure, but 
each has a distinct anticodon and attached amino acid, The 
terriaq· structure of tRNAs is important because it results in 
a precise separntion between the anricodon and the attached 
amino acid. As we'll sec, this separation is key 10 the posi­
tioning of the amino acid and the anticodon in the ribosome. 

How Many tRNAs Are There? 
When research succeeded in characterizing all of the different 
t)'llCS of tllNAs al'aibblc in cells, a p:1radox arose. According 
to the genetic code introduced in Chapter 15, rhe 20 amino 
acids found in proteins arc spl-cified b)' 61 different mRNA 
codons. Instead of containing 61 different tRNAs with 61 dif­
ferent anticodons, though, most cells contain only about -10. 
How can all 6·) mllNA codons in the genome he translated 
with only two-thirds of the tRNAs required? 

To rcsoh•e this paradox, Francis Crick proposed what is 
known ns the wobble hypothesis. To understand his logic, recall 
from Chapter 15 that many amino acids arc specified hy more 
than one codon. Further, rc,ollcct that c~lons for the same 
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amino acid tend to have the same nucleotides at the first and 
second positions but a different nucleotide at the third position. 
For example, both of the codons CAA and CAG code for the 
amino add glutamine. (Codons arc always wriucn in the 
5' _. 3' direction.) Surprisingly, experimental data have shown 
that a tRNA with an anticodon of GUU can base pair with both 
CAA :ind CAG in mRNA. (Antirodons arc always written in the 
J' - 5' direction.) The GUU anricodon matches the first two 
bases (C and A) in both codons, hut the U in the third position 
forms a nonstandard base pair with a Gin the CAG ,odon. 

Crick proposed that inside the ribosome, tRNAs with non­
standard base pairing at the 1hird position can still hind suc­
cessfully to an anticodon. U so, it would allow n limited 
flexibility, or "wobbling," in 1he base pairing. According 10 
the wobble hypothesis, a nonstandard base pair in the third 
position-such as G-U-is :icceptable as long ns it docs not 
change the amino acid for which the codon codes. 

Follow-up research has shown 1hat certain tRNAs are es­
pccblly prone ro pairing with more than one mRNA codon. 
These tRNAs ha,·e :1 nitrogen<ontaining base c:illed inosi11e 
in the third position of their anticodon. (lnosine is derived 
from adenine by :1 chemical modification that occurs after 
the tRNA is produced.) During protein synthesis, an inosine 
in the anticodon C3n base pair with a A, U, or C in an mRNA 
codon. For e,c:imple, the tRNA with the anticodon GAi car­
ries the amino acid leucine and binds 10 four of the six 
codons that specify leucinc: CUA, CUC, CUU, and UUA. 
(The UUA is possible because the G in the an1icodon some­
times pairs with U in 1he mRNA. This interaction between 

(a) Ribbon model of ribosome during translation 

. 
Large ' • = ( bacteria) · 

tRNA In tRNA In 
Elite Pille 

tRNA In 
A11te 

FIGURE 16.13 The StruClure of the Ribosome 

amicodons and codons is one of the only known exceptions 
to the standard base-pairing rules.) In this wa)', uwohble" in 
the third posirion of a codon allows just 40 or so rRNAs 10 
bind to all 61 mRNA codon~. 

16.5 Ribosomes and the Mechanism 
of Translation 

During rr.mslation, the sequence of ha~s in an RNA message is 
converted to a sequence of amino acids in a polypcpridc. The 
conversion begins when the anticodon of a tRNA that carries 
an amino acid binds ro a codon in mRNA. The con,•ersion is 
complete when a pepridc bond forms between that amino acid 
and the growing polypeptide chain. 

Both of these events occur inside a ribosome. !liologists h:ive 
known since rhe 1930s that ribosomes contain a considerable 
amount of protein along with a great deal of ribosomal RNA 
(rRNA). When high-speed centrifuges became available, re­
searchers found that ribosomes could also be separated into 
two major substructures, cillcd rhe large s11b11nit and small 
s11b1111i1. Each subunit consists of a complex of IUIIA molecules 
and proteins. For example, the large subunit in E. coli contains 
two different rRNA molecules and 34 proteins. More recent 
work has shown that the small subunit holds the mRNA in 
place during translation and that peptide bond fortnation takes 
place in the large subunit. 

'The three-dimensional model of the ribosome in Figure 16.13a 
shows how all of the molecules and reactions required for 
translation fir together. Note that during protein S)-nthesi.~. 

(b) Diagram of ribosome during translation 

The E site 
holds a lRNA 
tllal will axil 

Gro.,.,; ng polypeptide 

The A silo 
holds en 
aminoncyl 
tRNA 

(a) During translation, throo tRNAs line up side by side inside the ribosome. (b) Oilforent events occur at each 
of the three site, insido tho ribosome where tRNAJ are found , EXERCISE C11clo and bbcl ,he oc1tvc ,,1c 111 
1he , 1bo~o'T'I~. 
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three distinct tRNAs arc lined up inside the ribosome. All three 
arc bound to their corresponding mRNA co<lon at the base or 
the stnicnire. The tRNA that is on the right (colored n:d) in the 
figure carries an amino acid. This tRNA's position in the ribo­
some is called the A site, for ncceptor or nminoacyl. The tRNA 
that is in 1hc middle (green) holds 1hc growing pol)'peptide 
chain and occupies the P site, for pcptidyl, inside the ribosome. 
fThink or ~pft for wpcptide-bond fom1a1ion.") The ldr-hand 
(yellow) tRNA no longer has an amino acid att:tched and is 
about to lea\·e the ribosome. It occupies the ribosome's E site, 
for exit. Figure 16.13b summarizes what happens to each 
!RNA inside 1he ribosome. Because all tRNAs have the same 
secondary and teniary stnamirc, they all fit equ:tll)' well in the 
A, P, and E sires. 

The ribosome is a molecular machine that S)'nthesizes pro­
teins in n three-step sequence: 

1. An aminoacyl tRNA diffuses into the A sire; its anricodon 
binds to a codon in mRNA. 

2. A pcpride bond forms bern·ecn the amino acid held by !he 
aminoacyl tRNA in the A sire and the existing pol)'pepride, 
which is held by a tRNA in the P site. 

3. The ribosome moves ahead, and all three tRNAs mo\'C one 
posirion down the line. TI1e tRNA in the E site exits; the 
tRNA in the P site moves 10 the E site; and the tRNA in the 
A site switches 10 the P site. 

The protein that is being 5>·n1hesi1.ed grows b)' one amino acid 
each time this three-step sequence repeats. The process occurs 
up to 20 times per second in bacterial ribosomes and about 2 
times per second in eukaryotic ribosomes. 

INmATING TRANSLATION IN BACTERIA 

5' 

Ribosome 
binding 

site 

Start 

0 
codon 

3' 

Initiation 

Amlnoacyl 
tRNA 
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This introduction to how tRNAs, mRNAs, and ribosomes ~ 
inreracr during protein synthesis leaves a number of key qucs- g . 
rions unanswered, however. How do mRNAs and ribosomes ;- -
get together 10 stan the process? Once protein synthesis is g 
under way, how is peptide bond formation catalyzed inside the 
rihosome? And how does prorein synthesis conclude when rhe 
ribosome reaches the end of the message? Let's consider each 
qucs1ion in turn. 

Initiation 
To translate an mRNA, a ribosome must !,q;in at a specific point 
in the message, translate che mRNA up 10 the mcss:ige's rcrrnina­
rion codon, and then stop. Biologists call these three phases of 
protein synthesis Initiation, elongation, and termination, rcspec• 
rivdy, One key to understanding initiarion is to recall, from 
Chaprer 15, that the codon AUG is found near the 5' end of all 
mRNAs and codes for the amino acid methionine. The presencr 
of chis sran codon is an aspect of initiation that is common to 
borh bacreria and eukaryotes. 

Figure 16.14 shows how translation gets under way in bac• _ 
teria. The process begins when a section of rRNA in the small (Q / 
subunit of a ribosome binds to a complememary sequence on ~ 
an mRNA. The mRNA region is called the ribosome binding 
site or Shine-Dalgamo sequenctt, after the biologists who 
discovered it. The sire is about six nucleorides upstTcam from 
the AUG start codon. It consists of all or part of the bases 
5' AGGAGGU 3'. The complementary scquen~ in the rRNA 
of the small subunit reads 3' UCCUCCA 5' . The interaction 
between the small subunit and the message is mediated by pro-
teins called Initiation factors. In eukaryotes, initiation factors 
bind to the 5' cap on mRNAs and guide ir to the ribosome. 

Large 
subunit of 
ribosome 

factor 5' CG~ AGCAUGGAACGCCVC 3' 

Smollsubunlt ~ 
of ribosome ~ 

1. Ribosome binding :site sequence 
binds to a complementary sequence 
in the •mall subunit of the ribosome, 
with the help of prnteln lnltlollon factors. 

2. Initiator aminoacyl tRNA binds 
to start codon. 

FIGURE 16.14 The Initiation Phase of Translation In Bacteria 

3. L.arge subunit of ribosome binds. 
Translation begins. 
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1 ELONGATION OF POLYPEPTIDES DURING TRANSLATION 

1. Incoming amlnoacyl tRNA 2. PepUde bond fonnaUon 3. Translocatlon 
: Ribosome moves down mRNA. The 
tRNA attached to polypeptide chain 
moves into P site. The A site 1$ empty. 

New tRNA moves Into A site, where 
its anlicodon base pairs wilh lho 
mRNAcodon. 

The runlno ocld altoclled to the tRNA 
In the P site ls tronsferred to the 
tRNA In the A site. 

FIGURE 16.15 The Elongation Phase of Translation 

Once the Shine-Dalgamo sequence has anached 10 the small 

ribosomal subunit, an aminoocyl tRNA hc::lring a modified form 
of me1hionine called N-formylmerhioninc (abbm·iarcd {-mc1) 

binds ro the AUG srarr codon. lniria1ion is complete when the 

large suhunir joins the comple.x. 'X1hcn the ribosome is com­

plercly assemhlcd, the tRNA b<:3ring (-met occupies the P sire. 

To summariu; initiation is a three-step process in bacteria: 

(I) The mRNA binds to the small subunit of the ribosome, 

(2) the initiator aminoacyl tRNA binds 10 rhe srarr codon, and 

(3) the large subunit of the ribosome comple1cs the complex. 

It's important to nore rhar in bacteria a single mRNA may 

conrain se,·eral sr:m codons, termination codons, rind ribosome 

binding sires and thus code for SC\'cral distinct proteins. Such 

mRNAs are said to be polydstronic. In polycisrronic messages, 

an AUG start sequence near the 5' end of the mRNA is fol­

lowed b)· a 1em1inarion signal forthcr along, which in 111m is 

followed by an AUG start sequence for a second protein and 

then a second rcrminarion signal, and so on. 

Elongation 
,\r the srarr of dongarion, the E and A sites in the ribosome arc 

empry of rRNAs. As a rcsulr, an mRNA codon is exposed at 

the base of the A sire. As s1ep I in Figure 16.15 illustrates, 

elongation proceeds when an aminoacyl rRNA hinds to the 

codon in the A sire via complcmcnrary base pairing bcrween 

anricodon and codon. 

When a tRNA occupies horh the P site anJ A site, the amino 

acids rher hold arc placed in the ribosome's acti\•e site. TI1is 

is where pcpride bond forma1ion-1he esscn(c of protein 

srnrhesis-occurs. Pcpride bond formation is considered one of 

rhe most important reactions thar rakes place in cells, because 
manufacturing proteins is among the most fundamemal of all 

cell processes. The qucsrion is, how docs ir happen? 

Is the Ribosome an Enzyme or a Ribozyme? Because 

ribosomes contain both proteins and RNA, researchers had 

argued for decades over whether rhe active sire consisted of 

protein or RNA. The debate was not resolved until the year 

2000, when researchers completed three-dimensional mod­

els rhar were derailed enough to ,·iew the srructure of the ac­
ti\·e site. These models confirmed that the acri,·e sire consists 

entirely of ribosomal RNA. Based on these results, biologim 

arc now convinced that protein synthesis is earalrzed hr 

RNA. The ribosome is a rihozrme-nor an cnzr me. 

The ohscrvation that protein synthesis is caulrzcd b)· RNA 

is important, hecausc ir supporrs the RNA world hypothesis in­

troduced in Chapter 4. Ree:tll that proponents of this hypothe­

sis claim that life began with RNA molecules and th:it the 

presence of DNA and proteins in cells evolved larer. If the RNA 

world h)•pothesis is cnrrect, then it is logical ro observe rhar the 

production of proteins is caralrzcd h)· RNA. 

Moving Down the mRNA What happens after a peptide 

bond forms? Step 2 in Figure 16.15 shows rhar when peptide 

bond formation is complete, the pol)·peptidc chain is trans­

ferred from the tRNA in the P site to the amino acid held h)' 

the tRNA in the A site. Step 3 shows the process called 

translocation, which occurs when the ribosome moves down 
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4. Incoming •mlnoacyl tRNA 
New tRNA movos into A site, where 
h.s anticodon base pairs with the 
mRNAcodon. 

5. Pepdcle bond formation e. TranslOC11don 
The polypoptido chain attached to 
the tRNA In the P site Is tranoferred 
lo the tRNA In the A site. 

Ribosome mov .. down mRNA. The 
tRNA attachod to polypepllcle chain 
moves Into P site. Empty tRNA from 
P site moves to E site, where tRNA Is 
~ed. The A silo Is empty again. 

the mRNA in the 5' - 3' direction. Transloc.1tion docs sc,·er· 

al things: It mo\'es the empty tRNA into the E site; it mo\'es 

the tRNA containing the growing polrpeptide into the P site; 

and it opens the A site and exposes a new mRNA codon. If 
the E site is occupied when translocation occurs, the tRNA 

ther, is ejected into the cytoplasm. 

The three steps in elongation-( I) arrival of aminoacyl 

tRNA, (2) peptide bond formation, and {3) tronslocation­

repcot down the length of the mRNA. By adding specific mole­

cules co in ,·irro translation systems, researchers have 
confirmed that each eloncation crcle depends on an input of 

energ)' from se,·eral Gll' molecules as well as assistance from 

proteins c.1lled elongation factors. Further, recent three­

dimensional models of ribosomes in various stages of the trans• 

lation sequence show that the machine as a whole is highly 

drnamic during the process. The ribosome constant!)' changes 

shape as tRNA, come and go and catalysis and translocation 

occur. Its structure ch:rngcs in conjunction with its multipan 
function: coordinating interactions hctwccn tRNAs ond an 

mRNA, and catalrzing peptide bond formation. 

Electron microscopy has also confirmed that once elongation is 

under war, additional ribosom,-s hind to the start site in the same 

message and initiate translation. As this pmces~ continues, Mrin~s 

of ribosomes called pclyribosomes assemhlc aloni: an mRNA. 

Each ribosome synthesizes a copy of the protein {Figure 16.16). 

Even though it mar rake a minute or more for a single ribosome 

to produce a large polrpcpride, the presence of pul)·ril•,somes can 

quicken the O\'troll pace of protein pmducdon. Polrribosomcs arc 

ol>Sc"'"' rourinclr in both ba<1eria and eukaryotes. 

Termination 
How <loes protein synthesis end? To answer this question, re• 
call from Chapter I 5 that the genetic code includes three stop 

codons: UAA , UAG, and UGA. In most cells, no aminoacrl 

tRNA hos an anticndon that binds to these sequences. When 

n~f~1 
5' cod of transcript 3' end cf transcript 

FIGURE 16.16 Polyrlbosomu 
In both bacteria and eukaryotes, many ribosomes synthesize proteins 
from the same mRNA at the s.ame time. The resulting structures or<' 
c•lled polyribosome,. 
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translocation opens the A site and exposes one or the srop 
codons, a protein called a relHH factor fills the A site 
(Figure 16.17). Release factors arc proteins th:11 fit tight!)• 
inio the A site because their size, shape, and clcctric;il charge 
arc cxtrerndy simil.1r to the same properties in a tRNA. Re­
lease factors do not carry an amino add, howe\·er. When n 
release factor occupies the A site, the active site catalyzes the 
hydrolysis of the bond linking the tRNA in the r site with the 
polypeptide chain. This reaction frees the polypeptide, and it 
is released from the ribosome. TI1e ribosome then separates 
from the mRNA; and the two ribosomal subunits dissociate. 
The subunits arc ready to attach to the start codon of :moth­
er message and start translation anew. 

Post-Translational Modifications Proteins arc not full)• 
formed and functional when termination occurs. From earlier 
chapters, it should be clear that most proteins go through an 
extensh·c scric.~ of processing steps, collccti\•cl>· called post­
tnlnslational mocfrficatlon, before they arc read)· to go to work 
ina cell: 

• Recall from Chapter 3 that a protein's function depends on 
its shape and that a protein's shape depends on how it folds. 
Folding actually begins during elongation, long before ter­
mination occurs and ribosoml'S disassemble. Although it 
occur5 spontaneous!)', in the sense that 110 energy input is 

I TERMINATION OF TRANSLATION 

required, folding is frequently speeded up by proteins called 
molecular chaperones. Recent data have shown that, in some 
bacteria, chaperone proteins actually bind 10 the ribosome 
near the "runnel" where the growing polypcpride emerges 
from the ribosome. This result suggests that folding occurs 
as the polypeptide is emerging from the ribosome. 

• Chapter 7 pointed our that many eukaryoric proteins are 
extensively modified after they are synthesized. For exam­
ple, small chemical groups may he added 10 proteins in the 
organelles called the rough endoplasmic reticulum and the 
Golgi nppararus. Some proteins receive a sorting signal that 
serves as an address and ensures that the molecule will be 
carried ro the correct location in the cdl. Certain proteins 
ore also augmented wi1h sugar or lipid groups thar arc criti­
cal for normal functioning. 

• Many proteins arc altered by enzymes that add or remm·e 
a phosphate group. Phosphorylation (addition of phos­
phate) and dephos.phorylarion (removal of phosphate) of 
proteins were introduced in Chapter 3 and Chapter 8. Re­
call that because a phosphate group has rwo negative 
charges, adding or ~mo\'ing-a phosphate group causes 
major changes in the shape and chemical reactivity of pro­
teins. These changes have a dramatic effect on the protein's 
activity-orten switching it from an inacth·e state to an ac­
ti\·e st:ite or vice vers:t. 

1. Wheo translocaUon opens tho A silo 
and exposos one of tho stop codons, 11 

protein called a release factor fills the A 
site. The release factor catalyzes the 
hydrolysis of the bond linking the tRNA 
In the P slto with tho polypeptide chain. 

2. Tho hydrolysis reaction frees lhe 
polypeptide, which Is released from tho 
rlbosomo. Tho empty tANAs we released 
olthor along with the polypeptide or when 
the ribosome diseociates following rolease 
of the polypeptide, 

3. The ribosome then separates from the 
mRNA. and the hvo ribosomal subunits 
dissociate. The subunits are ready to 
attach to the start codon of another 
message and start translation ariew. 

FIGURE 16.17 The Termination Phase ofTranslatlon 
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The oYcrall message is that the mnnufacturc of a complerd)' 
'functional protein depends not only on translation in the ribo­
some but also on a wide array of orher molecules and cvcms 
that take: place throughout rhe cell. 

✓CHECK YOUR UNDERSTANDING 

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

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

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

Although biologisrs con1inue to work on issues such as how 
basal transcription factors in eukaryotes interact with RNA 
polymerase and how ribosomes change shape during transla­
tion, the molecular mechanisms responsible for information 
flow in the cell, from DNA to RNA to proteins, arc now con­
sidered fairl)' well understood. 

Before we go on to consider how trnnscription and transla­
rion arc regulated in bacteria and eukaryotes in the next two 
chapters, it will be helpful 10 tic 1<>gether some major poims 
cm•crcd in the last three chapters by analyzing the molecular 

Baso•poir mismatch 
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basis of murarion. A mutation L~ any change in an organism's 
DNA. It is a cl1lnge in a cell's information archin:·-a change in 
Its genotype. What arc the consequences of mutation? 

The molecular machinery introduced in this chapter foithful-
1)· trnnscribcs and translates mutations in DNA sequences. The 
result is the production of novel types of proteins. In this wa)', 
changes in DNA lead to changes in molecules that affect the or­

ganism's phenot)'pe. 
Figure 16.18 shows how a common l)'pe of mutation occurs. 

If DNA pnl)•mcrase mistakenly inserts the wrong base as it syn­
rhesizes a new strand of DNA, and if proofreading by DNA 
pol)•merase and the mismatch repair system fail ro correct the 
mismatched base, a change in the sequence of bases in DNA re­
sults. A single base change such as this is called a point muUtlon. 

Whnt happens when point mutations ore transcrihcd and 
translated? To answer this qucsrion, consider the first point 
mutation e\'er described. This mumrion occurs in the human 
gene for the protein hemoglobin. Recall that hemoglobin is 
abundant in red blood cells and that it carries OX)'gcn 10 tissues. 

Figure 16.19a, page 356, shows a small section of DNA se­
quence from the normal gene for hemoglobin, along with the 
same sequence from the mutant allele found in individuals 
who suffer from sickle-cell disease. The mutant form has a 
thymine in place of an adenine at the second position in the 
sixth codon specified by this gene. A glance back at the genet­
ic code in Chapter 15 confirms why this point mutation is sig­
nificant: During protein synthesis, the mutant codon specifies 
valine instead of glutamic acid in the amino acid chain of he­
moglobin. Point mutations that cause changes in the amino 
acid sequence of proteins ate called mlssense mutations or 
,..placement mutations. In the case of hemoglobin, the single 
change in primary structure causes the protein 10 crystallize 
when oxygen levels in the blood arc low. When hemoglobin 
crystallizes, it causes red blood cells to become sickle shaped 
(Figure 16.19b). The misshapen cells get stuck in blood ves­
sels, so nearby cells arc stan·ed for oxygen. The result is in­
tense pain and anemia. 

~ A A ~ l r. 
~ 

I 

I 

G 

, 
' G A 1 1 G 

DNA WIid type 

\ a -~-
AGURE 16.18 Unropalrod Mistakes In DNA Synthesis lead to Point Mutations 
OUESilON V,r, 1'/ i! it lcg1LJI th,1 1 th e t ypi:i o! mllt,,t ,tHl 1llu1 11111t•d hc11~ 15: rcrmr. c.l LI no!nt rn11t t1 l1o n 7 
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(a) DNA point mutation can lead to a different amino acid sequence. (b) Phenotype 

~~• nu 1111111111 n, 1111: 
Amino acid 
sequence 

Normal 
- Normal red blood cells 

~~ on111111n11n,011: 
-MIiian! Sickl<!d red blood cells 

AGURE 16.19 Sidde-Cell Disease Results~ a Point Mutation In the Gene for Hemoglobin 
(1) These normal and mutant genes that cod<! for hemoglobin differ by a single nucleotide. The 

sequences shown are just a small portion of the gene. (b) The mutation in part (a) changes the primary 
sequence of the gene product. The change in amino acid sequence causes hemoglobin molecull!S to 
cryst11Uize when oxygen levels in the blood are low. As a result, red blood cells sickle and get stuck in 
small blood vessels. EXERCISE Tho rr.RNA codon GUG ,pcclfle, die valino ot thu , t.H1 lld:I of thi, 
pro ?ein b1bcl the t E'Tip l:i?e strand ar.d the non-11.::mpl.'J!t' str .1 nd of DNA .• 1nd mdic.ll e t !1 c1 r 5 .1nd 3 ' 

C!"ld -J . 

Misscnse mutations such as th,u found in the sickling allele 

can be deleterious, mc.1ning they reduce an individual's fimess­

thc ability to survi>·e and reproduce. But misscnse mut':nions 

may also be beneficial. For example, the sickling allele confers 

a fitness advamage in regions of the world where the lifo­

thre:uening disease malaria is common. The adva111agcous ef­

fect is possible because the parasite that causes mabria infeccs 

red blood cells. If an individual has one nnrmal hemoglohin al• 

lcle and one sickling allele, red blood cells 1ha1 become infected 

with the para;ite 1end 10 sickle while others function normall)·, 

The deformed cells arc quickly destroyed b)' the body, eliminat­

ing the parasitic cells inside the blood cells. A!i a result , indi\'id• 

uals who ha\'e one copy of the mutant gene ha1·e lower pnrasite 

loads and tend to be much healthier than people who ha\'e two 

normal copies of the gene. 
In contrast to having a nega1h·e or posirivc effect on rhe 

organism, many point mutations ha,•e virtunlly no effect al 

all. To understand why, suppose 1ha1 at the next site in the 

hemoglobin gene of Figure I 6.19 (rhe third posir ion In the 

same sixth codon), a th)·mine had lit:cn suhs1ilu1cd for rite C)'· 

10sine. This point mutation would ha ve no consequence. 

Wh1•? no1h GAA and GAG specif)' glu1amic acid. In this 

case, the amino acid sequence of the gene product docs nm 

change even though the DNA sequence is altered Jue ltJ 11111• 

ta1ion. This t}'pc of alteration in the base sequence is called a 

silent mutation. Silent mutations arc said to be neutral in their 

effect on an indi\'idual's fitness. h is possible for point mu1a-

1ions 10 he silent and neutral with respect to fitness because 

of the redundanc1· in the grnetic code. 

The rake-home message from this analrsis of hemoglobin, 

sickle-cell disease, and malaria is simple: l1 is possible for point 

mutations to be Jclc1erious, beneficial, or ncutr.tl. Figure 16.202 
summari1.cs the t}'pcs of point mutations that ha\'c b«n docu­

mented and rc1-iews their consequences for the amino add se­
quences of proteins. 

In addition tu documenting various t)'pcs of point mu1a-

1io11s, biologists mulr mutations that invoh•e larger-scale 

changes in the composirion of chromosomes. Chapter 9 in• 

1roJuccd the phenomena called polyploidy and ancuploidy, 

which i111·oh·e d1anges in the number of chromosome com­

plements present and the addition or deletion of a chromo• 

some, respcc1ivclr. Just as point mutations arc caused by 
random errors made hy DNA polymerase, chromosome 

changes result from chance mistakes in the partitioning of 

chromosomes during meiosis or mitosis. In addition, errors 

that occur in crossing over during prophase of meiosis I 

{Chapter 121 can lead to gene duplicat ions or deletions, as il­

lusirar«I in Figure 16.20b. Finally, when accidental breaks in 
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(a) Types of point mutations 

Definition Example 

Origlnol DNAsequen~-----­

Origlnolpolypeptlde ~ 

Silent Change In nucleotide that 
doos not chango amino 
acid specllled by codon 

Mlssense Change In nucleotide that 
(Ro placement) changes amino acid specified 

by codon 

Nonsense Change In nucleotide that 
results In early s top codon 

Frameshlft Addition or deletion of a 
nucleotide 

(bl Other types of mutations 

Definition 

Gene 
duplication 

Chromosome 

inversion 

Ad<frtion of a small ctvomosome 
segment due to an error di.Wing 
crossing over at meiosis 1-
homotogs do not oilgn 
co,rectly 

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

I -- -~ ... --~ 
I ~~---
' 

-----■ ~ 

Example 

Mu1ant 

RGURE 16.20 A Mutation Is a Chang• In an Organism's DNA 

(1) Point mutations in DNA produce an array or orfocts on tho amino acid soquoncos or proteins, ranging 

from no change to extensive change. (b) Many mutations involve largo-scale changes in the composition 

of chromosomes. In addition to gene duplication and chromosome Inversions, Chapter 9 introduced 

polyploldy (multiple chromosome complements), trisomy (additional chromosome,), and oneuploidy (lou 

or gain or a chromosome). 

Con .. quenc• 

Change In genotype but no 
change In phenotype 

Change In primary structure 
of protein 

Premature termination-
polypeptlde Is truncated 

Roadlng frame Is shifted-
massive mfssense 

Consequence 

Produces an extra copy or deletion 
of one or more genes. Families of 
related genes arise by gene 
duplication. 

Changes gene Otder along 
ctvomosome, Other types of 
clvomosome breaks can lead to 
doleUon or addition of chromosome 
segments. 

chromosomes occur, the chromosome segmems mar become 

nipped and rejoin-a phenomenon known as a chromosome 

inversion (Figure '16.20h). 
When changes in an org.1nism's gcnot)'JIC are rrnnscribed 

nnd tmnsbted, they may result in changes in its phenotype. In 

this war, mutations produce new alleles and new traits. At the 

lel'el of populations, mutations furnish the heritable variation 

that Mendel and Morgan annl)0,ed and that makes evolution 

possible. Ar the level of individuals, mutntions can cause dis• 

case or dr.uh or lend 10 increases in fimess. 
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ESSAY Antibiotics That Poison the Ribosome 

Antibiotics ore molccules that kill bactcril or slow their grow1h. 
Since their initial discovery b)' biomedical rrseorchers in the 
1930s, their use has sovcd 1ens of millions of human lives 1h01 
were threatened by bacterial infcc1ions. II is no cxaggera1ion lO 

claim 1hat the era of modem medicine hegan wi1h the widc­
spre:i <l a\':tibbilit)' of inexpcnsi\'C~ :rntihimics. 

(a) Erythromycin binds lo ribosomos and plugs tho o,it tunnel 
for 1he polypeptido. 

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

Antjbfotic Mod• of Action 

Chloramphenicol Binds et the active site ln the 
I~ subunrt of ribosome 

e&,damyon B<>ds 10 A and P sites and 
prevents correct posilioning of 
IRNAs 

Eryllwom)'Cln. catllomycin A. Plug> the lumel whore growing 
clori1m,myeln. ro,lthromycln, pol=lido exits ribosome 
spnmycin. lylosin. mnt,omycln 

Puromyon Enlors A silo and bonds lo 
g,owing polypepHde. bv1 
blocks addition of more 8n'WlO 
ackb 

Spoct;nornycin lnlli1>1S lranslocoUon of 
ribosome 

5119p!omycin. parmomycin Binds to the amoll oubunit of 
tibo-...omo and pre\lOOlS DCCLnte 
reading of the mRNA 

Tolracyclino Prevonls llllW10ocy1 IRNAs lrom 
entering A Site In nbo5oma 

FIGURE 16.21 Many Antibiotics Worlc by Disrupting Translation 
in Bacteria 
I(,) "Structural b~$is f0t th. lntor1C160n of iantrbiotiu with ~p1id:,t 
l.11Mfe,-,. untte In eub.act~I• : by Sthluenztn ■I 11.* F'f11Juto Sin N~lura 
(2001) 4ll: 81~21 by Sdw•nzen II al.I 

Man)' of the anribiotics that physicians prescribe today arc 
produced na1urally b)' soil-dwelling fungi. These orµnisms 

compete with bacterial cells for sp:1ce and resources. For a fun• 
1 

gus, the ahility to sy111hesizc antibiotics is an adaptation that 
helps individuals destroy com-

Rece11f research petitors and incrcasc their aC<:ess 

011 antibiotics 
has focused 011 

two seemingly 
distinct topics: 
the evolution of 
bacteria that 
resist them and 
the molecular 
mechanism of 
drug action. 

ro nurrirnrs. Antjbiotics are 
wropons in chemical warfare that 
has gone on among competing 
soil-dwelling organisms for mil­
lions of years. Phumaceutie.11 
companies still sc3fch for new an­
tibiotics b)' srudying naturally oc­
curring fungi in the soil. 

Recent research on antibio1ics 
has focused on rwo seeming])' dis· 
1inct iupics: the e\'Olution of bac• 
1rria _that resist them and the 
molccular mechanism of drug ac­
rion. Antibiotic resistanc• is the 

ability to grow and ttproducc ef­
ficiendy in an tnvironmtnr con-

1:1ining antibiotics. But ., often happens in biologie.11 science. 
efforts to answer questions 1hat seem unrelated produce close!)· 
connected answers. 

How are e1·olu1ionary and molccubr studies linked? Early 
research showed 1hat several mcdie.1111· important antihiorics 
work by inhibiting 1ranslation in bacterial cells. In the presence 
of certain drugs, bacterial ribosomes stop working, protein srn• 
thesis ceases, and the targeted cell dies. fortUnately, bacterial 
and cub11·otic ribosomes are different enough at the molecular 
level that ribosome-poisoning antibiotics rend not 10 disrup1 
protein synthesis in humans. This is wh)' nnribiotics that target 
bacterial ribosomes have few side effa:ts when adminis1ercd 10 

humans ns • drug. 
To sec how evolutionary and molecular studies of ribosomes 

in1ersect, consider the btes1 three-dimensional models of bacte­
rial ribosomes fn1m bae1eria trrotcd wi1h the antibiotic ery1h­
rom)'cin. As Figure 16.2 la shows, the drug binJ, w the tunnel 

where growing polyp,p1ide chains lea1·c rhe ribosome. When 
erythromydn binds Ill 1his si1e, it inhibi1s translation nnd kills 
the cell. A number of hacterial s1rains have e,·oh't<I rcsis1:1nce 
Ill 1his antibiotic, however. When res<:1rchers analyzed the 
slructure of rihosomcs from drug-rcsisl:1nt populations of bac· 
rcria, die)' found that the ribosomes contained no1·el amino 
nciJs nnJ rllNA sequences n1 1he si1c where cry1hromrcin 
bimls. ·n,c altered amino acids and bases make erythromycin 
much less like!)' 10 binJ to the ribosome. As a result, 1he drug 
no longer inhibits 1ransb1ion dfec1ivd)'. 
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Simil:ir studies have now been done on a wide array of 
antibiotics. The results have documented the binding sire 
and mode of action of man)' commonly prescribed drugs 
(Figure 16.21h). In man)' cases, im·estigarors ha,·c also been 
ahle to confirm that drug-resistant strains of bacteria hnve 
mutations precisely at these binding sites. 

To make sense of these findings, biomedical researchers 
acknowledge that mutations arc constant!)' creating ,·aria­
tions in the makeup of ribosomes within bacterial popula­
tions. The researchers h)·pothesize that extensive use of 
antibiotics has led to intensive natural selection fur cells 
with mutations that make them resistant to one or more 

Chapter 16 Transcription and Translation 359 

drugs, In areas where antibiotic use is widespread, the mu• 
tant hacreria have hiflhcr fitness and come to dominate their 
population. 

Antihiotic resistance is now so pervasive among disease­
causing bacteria that some physicians claim that we have en­
tered a post-nntihiotic era. Researche~ and physicians ha,•e 
alreadr spent several decades in a race to develop new antibi­
otics that arc effective against drug-resistant strains of bacteria. 
Research on ribosome structure and rhe mechanisms of transla­
tion has taken on an urgent tone. The more we know about the 
molecular mechanisms of protein synthesis, tl1e be1tcr we can 
run the race against drug-resistant bacteria. 

CHAPTER REVIEW 
Summary of Key Concepts 

The iosrrucrions for making and operating a cell are archi,·ed 
in DNA, transcribed into messenger RNA, and then translat­
ed into protein. 

■ After the enzyme RNA polymerase binds to a specific site in 
DNA with the help of other proteins, it catalyzes the produc­
tion of an RNA molecule. The base sequence of the RNA pro­
duced is complemental'}' to the base sequence of the DNA 
template strand. 
Earl)' experiments established that RNA polymerase begins 
transcription by binding to promoter sequences in DNA. In 
bacteria, 1his binding occurs in conjunction with a regulatory 
protein called sigma. Sigma recognizes panicular sequences 
within promoters that are located JO bases and 35 bases up­
s1rcam from the start of the actual generic message. 1l1esc 
binding sites ensure that the correct DNA strand is tran­
scribed in ihc correct direction. Euknl'}'Otic promoters arc 
more complex and variable than bacterial promoters, and in• 
teract with man)" more transcription factors. 
Wd,Tuwrial 16.1 Transcription 

In eukaryotes, genes consis1 of coding regions called exons in• 
terspcrsed with noncoding regions called introns. After a cu• 
karyotic mRNA is produced, introns must be spliced out. The 
ends of the molecule receive a cap and tail. 
After uanscription of a eubryotic mRNA is complete, sever· 
al key evcms occur. Stretches of noncoding RNA_ called in• 
trons are spliced out b)' complex molecular machines called 
spliceosomes, a "cap" signal is added to the S' end, and a poly 
(A) tail is added to the 3' end. Experiments with modifie~ 
mRNAs emblishctl that both the 5' cap and the poly (A) tatl 
serve as recognition signals for the translation machinery and 
protect the message from degradation by rihonucleases. 

Inside ribosomes, mRNAs are translated to proteins via inter­
mediary molecules called transfer RNAs. Transfer RNAs 

carry an amino acid and have a three-base-pair anticodon, 
which binds to an mRNA codon. The amino acid carried by 
the transfer RNA is then added to the growing protein via 
formation of a peptide bond. 
Experiments with radioactivdy labeled amino acids con­
firmed that ribosomes are the site of protein synthesis, and 
tha1 transfer RNAs (tRNAs) serve as the chemical bridge be­
tween the RNA message and the polypep1ide product. tRNAs 
have a predicted secondary structure that resembles a clover­
leaf and an L-shapcd teniary stmcture. One leg of the L con­
tains 1he anticodon, which forms a base pair with the mRNA 
codon, while the other leg holds the amino acid appropriate 
for 1hat codon. Because imprecise pairing-or "wobbling"­
is allowed in the third positions of anticodons, only about 40 
different tRNAs are required to translate the 61 codons that 
code for amino acids. 

Through intensive stud,· of ribosome stmcrurc and func­
tion, researchers established that the process of elongating a 
polypeptide in\'Olvcs three steps: (I) an incoming aminoacyl 
tRNA occupies a position in the ribosome called the A site; 
(2) the growing polypeptide chain is transferred from a pcp­
tidyl tRNA in the ribosome's P site to the amino acid bound 
to the tRNA in the A site, and a peptide bond is formed; and 
(3) the ribosome is translocated to the next codon on the 
mRNA, accompanied b)' ejmion of the empty tRNA from the 
E site. Recent data on the three-dimensional structure of the 
ribosome has confirmed that peptide bond formation is cat­
alyzed by a ribozyme, not an enyzme. 

While translation is in progress, proteins fold into their 
three-dimensional conformation (tertiary structure), some­
times with the aid of chaperone proteins. Some proteins 
are targeted to specific locations in the cell by the presence 
of signal sequences, while others remain inacth•e until 
modified hy phosphorylation or the remo,•al of cer1ain 
amino acids. 
\\ 'cl, Tutmi,il 16.1 Tr,1ml.11in11 
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• Mani• mutations produce changes in the phenotype. 

When mutations occur in DNA, the altered scquencrs arc 
faithful!)' transcribed and translated into gene produ,1s that 
are pan of the organism"s phenotype. Depending on the Inca• 
tion a·nd type of alteration in DNA and its impact on the re· 

Questions 
Content Review 

1. How did rhc A sitr of the ribosome ~t1 irs n:1.md 
:i. h Is where amino acids ore •ffixcd 10 rRNAs, rroduclng 

ominoocyl rRNA,. 
b. his where rhc •mino group on rho growing pol)·rcp,ide chain is 

available for p,:pridc bond formation. 
e. h is the sire occupicd by incoming aminoocyl tRNA,. 
d. It is surrounded by n-hdiccs of ribosomal proteins. 

2. How did the P site of the ribosome get its n3md 
a. It is where the promotC'r resides. 
b. l1 is the sin, where pepridc bond formarion ukcs pl•cc. 
c. It is where p,:prid)·I tRNAs reside. 
d. l1 is the sire whett rhc gro"ing polypcp1idc chain is phosphoryb«J. 

3. \Vh3t is 11 molccubr ch.:1rcronc? 
a. ·3 protein rh.:n n-cogni1.c,i 1hc r,mmoter .1ml guides 1hc binding of 

RNA polymem< 
b. ii protein ,hir activ:ites or Jeactiv.1tc~ another protein b)· adding 

or r,moving ,1 phosphate group 
c. 3 protein that is a component o( tfM:- large'ribosomal subunit and 

th.i assiS1s \\ilh p,:pridc bo.od forrnarion 
d. a protdn ih:u helps newly mmslared protdns fold into 1hcir 

proper thrcc-dimcnsiona.l configur:1tion 

4. The three types of RNA pol)mtr3SC found in cubryotic cells uan­
scribc diffcn::nt 1)-pc> of genes. Wha1 docs RNA polymerase II proJucc? 
a. rRNAs 
b. tRNAs 
c. mRNAs 
d. spliccosomes 

Conceptual Review 
1. Explain rhc rcl:irionship among culc.1ryo1k: prontott'r sequcm."'C's, 

basal 11,nscriprion f•c<ors, and RNA pol)·merosc. Explain the rda­
tionship among h.acctti:.I promoter S<'Qut'flcrs, sigma, and RNA 
pol)·mcrasc. 

2. According 10 1hc wobble rules, the conn.-. amino acid ctn be added ro 
• i;rowing polyp,:rridc ch•in e,·cn if rhc third hose in on mRNA coJon 
dOC'S nOf com~cdy match the CUITT'Sfl<m<ling b.uc in .1 rRNA :1n1ko(lnn. 
How do the wobble rules reL,re 10 the rcdund.,ncr of rhe ~cll<fic code? 

J. Why does splicing occur in eukarru1ic mRNAs? Where don Ir 
occur, and how arc snRNPs im·olvrd? 

miring RNA or protein product, a mutation can be beneficial, 
deleterious, or neutral with rcsp«t to firnrss. Mutations pro­
duce novel proteins and RNAs. They arc the source of the 
heritable variation that makes evolution possible. 

S. What is an .1nticodon? 
11. rhc r~rr of an RNA mcss.1gc thlt sign;als the tcrmin;ition of 

trilnd,uion 
b. rhc part of an RNA message rlur sign,ls rhe surr of u,nsblion 
c. 1he part of• rRNA rlur bind, to a complcrncnury codon in mRNA 1 

d. the plrt of a tRNA that accepts an amino :acid. via. a re1ction c:n• 
aly,ed hy ,RNA ,ynrheusc 

6. Which of rhc following questions about rr.mKription \\'.U not an• 
swen,d hy the discovery ofrhe -JS ,nd -10 scquencn in baaeri• 
al prornotcu? 
a. Does RNA polymera,c act .alone ro inirUrc trarucription. or arc 

other prorcins in\·olved? 
b. How do sigm• proteins bind to'RNA polym,r,sd 
c. How docs RNA polymuuc "'know• w~ to initiate 

trJnscrip,ion? 
d. How docs RNA polymerosc "know" which m•nd of DNA •cu 

:1.s rhe ,cmrl:uc? 

4. Sketch rhe muaur, of• tRNA mukcule. Lohcl the anlicodon and 
chc CCA sequence where .1mino ilcids l,ind. El:pbin how a tRNA in• 
1er:u1s with 1RNA syntherasc. Sla·rch 1hc Slrltt."turc of an .1mino.1c-rl 
tRNA. Expl.1in how :10 :1mino.1ql 1RNA in1cr;.1cts wi1h an mRNA in 
1hc ribosome. 

S. F.xpl.1.ln 1h~ sequcncr of e\·cnn that occurs Jurin,; mmsbtion ;u :1 

rrotcin rlun~atc-s hr nne amino ;a(iJ, A, c-:ich nrp, srccify whJ.r is 
h.1r11cnin~ in the ribosome's A sire. r site, and E site. 

6. What e\'idcn<c •urrom rhc hyporhesis rh,i p,:rrid< bond forrnJlion 
is ,.11;1lrzcd hy a ,it,otyme? 




