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Since the structure of DNA was discovered in the early 1950s, progress in cell and 
molecular biology has been astounding. We now know the complete genome 
sequences for thousands of di!erent organisms, revealing fascinating details of 
their biochemistry as well as important clues as to how these organisms evolved. 
Complete genome sequences have also been obtained for thousands of individ-
ual humans, as well as for a few of our now-extinct relatives, such as the Neander-
thals. Knowing the maximum amount of information that is required to produce 
a complex organism like ourselves puts constraints on the biochemical and struc-
tural features of cells and makes it clear that biology is not in"nitely complex. 

As discussed in Chapter 1, the DNA in genomes does not direct protein synthe-
sis itself, but instead uses RNA as an intermediary. When the cell needs a particu-
lar protein, the nucleotide sequence of the appropriate portion of the immensely 
long DNA molecule in a chromosome is "rst copied into RNA (a process called 
transcription). It is these RNA copies of segments of the DNA that are used directly 
as templates to direct the synthesis of the protein (a process called translation). 
#e $ow of genetic information in cells is therefore from DNA to RNA to protein 
(Figure 6–1). All cells, from bacteria to humans, express their genetic informa-
tion in this way—a principle so fundamental that it is termed the central dogma 
of molecular biology. Despite the universality of the central dogma of molecular 
biology, there are important variations between organisms in the way in which 
information $ows from DNA to protein. Principal among these is that RNA tran-
scripts in eukaryotic cells are subject to a series of processing steps in the nucleus, 
including RNA splicing, before they are permitted to exit from the nucleus and be 
translated into protein. As we discuss in this chapter, these processing steps can 
critically change the “meaning” of an RNA molecule and are therefore crucial for 
understanding how eukaryotic cells read their genome.

Although we focus on the production of the proteins encoded by the genome 
in this chapter, we see that for many genes, RNA is the "nal product. Like pro-
teins, some of these RNAs fold into precise three-dimensional structures that have 
structural and catalytic roles in the cell. Other RNAs, as we discuss in the next 
chapter, act primarily as regulators of gene expression. But the roles of many non-
coding RNAs are not yet known.

One might have predicted that the information present in genomes would 
be arranged in an orderly fashion, resembling a dictionary or a telephone direc-
tory. But it turns out that the genomes of most multicellular organisms are sur-
prisingly disorderly, re$ecting their chaotic evolutionary histories. #e genes in 
these organisms largely consist of a long string of alternating short exons and long 
introns, as discussed in Chapter 4 (see Figure 4–15D). Moreover, small bits of DNA 
sequence that code for protein are interspersed with large blocks of seemingly 
meaningless DNA. Some sections of the genome contain many genes and oth-
ers lack genes altogether. Proteins that work closely with one another in the cell 
often have their genes located on di!erent chromosomes, and adjacent genes typ-
ically encode proteins that have little to do with each other in the cell. Decoding 
genomes is therefore no simple matter. Even with the aid of powerful computers, 
it is di%cult for researchers to locate de"nitively the beginning and end of genes, 
much less to decipher when and where each gene is expressed in the life of the 
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Figure 6–1 The pathway from DNA to 
protein. The flow of genetic information 
from DNA to RNA (transcription) and from 
RNA to protein (translation) occurs in all 
living cells.
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RNA splicing

• Protein coding sequence (exons) in eukaryotic 
genes is interrupted by non-coding sequences 
(introns)


• Both introns and exons are transcribed into RNA


• The introns are removed through RNA splicing


• Before splicing, the mRNA is called precursor-
mRNA (or pre-mRNA)
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Each splicing event removes one intron, proceeding through two sequential 
phosphoryl-transfer reactions known as transesteri!cations; these join two exons 
together while removing the intron between them as a “lariat” (Figure 6–25). "e 
machinery that catalyzes pre-mRNA splicing is complex, consisting of !ve addi-
tional RNA molecules and several hundred proteins, and it hydrolyzes many ATP 
molecules per splicing event. "is complexity ensures that splicing is accurate, 
while at the same time being #exible enough to deal with the enormous variety of 
introns found in a typical eukaryotic cell. 

It may seem wasteful to remove large numbers of introns by RNA splicing. In 
attempting to explain why it occurs, scientists have pointed out that the exon–
intron arrangement would seem to facilitate the emergence of new and useful 
proteins over evolutionary time scales. "us, the presence of numerous introns 
in DNA allows genetic recombination to readily combine the exons of di$erent 
genes, enabling genes for new proteins to evolve more easily by the combination 
of parts of preexisting genes. "e observation, described in Chapter 3, that many 
proteins in present-day cells resemble patchworks composed from a common set 
of protein domains, supports this idea (see pp. 121–122).

RNA splicing also has a present-day advantage. "e transcripts of many 
eukaryotic genes (estimated at 95% of genes in humans) are spliced in more than 
one way, thereby allowing the same gene to produce a corresponding set of dif-
ferent proteins (Figure 6–26). Rather than being the wasteful process it may have 
seemed at !rst sight, RNA splicing enables eukaryotes to increase the coding 
potential of their genomes. We shall return to this idea again in this chapter and 
the next, but we !rst need to describe the cellular machinery that performs this 
remarkable task.

human β-globin gene
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Figure 6–24 Structure of two human 
genes showing the arrangement of 
exons and introns. (A) The relatively small 
β-globin gene, which encodes a subunit of 
the oxygen-carrying protein hemoglobin, 
contains 3 exons (see also Figure 4–7).  
(B) The much larger Factor VIII gene 
contains 26 exons; it codes for a protein 
(Factor VIII) that functions in the blood-
clotting pathway. The most prevalent form 
of hemophilia results from mutations in  
this gene.
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Figure 6–25 The pre-mRNA splicing 
reaction. (A) In the first step, a specific 
adenine nucleotide in the intron sequence 
(indicated in red ) attacks the 5ʹ splice site 
and cuts the sugar-phosphate backbone 
of the RNA at this point. The cut 5ʹ end 
of the intron becomes covalently linked to 
the adenine nucleotide, as shown in detail 
in (B), thereby creating a loop in the RNA 
molecule. The released free 3ʹ-OH end of 
the exon sequence then reacts with the 
start of the next exon sequence, joining 
the two exons together and releasing the 
intron sequence in the shape of a lariat. 
The two exon sequences thereby become 
joined into a continuous coding sequence. 
The released intron sequence is eventually 
broken down into single nucleotides, which 
are recycled.



4

RNA splicing

• Each splicing event removes an intron and joins two exons


• The removed part is called a lariat


• The machinery is complex and consists of 5 RNA molecules (small 
nuclear RNAs) called U1, 2, 4, 5, 6


• Each snRNA is complexed with at least 7 proteins to form the small 
nuclear ribonucleoprotein or snRNP


• The complexity ensures the accuracy of the splicing and flexibility to 
accommodate all sequences
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intron sequence in the shape of a lariat. 
The two exon sequences thereby become 
joined into a continuous coding sequence. 
The released intron sequence is eventually 
broken down into single nucleotides, which 
are recycled.



5

RNA splicing

How does this work? 

• The splicing machinery needs to recognize 3 
sequences (the 5’ splice site, the 3’ splice site 
and the branch point)


• The 3’ and 5’ splice sites contain both intron and 
exon sequence (junction)


• Sequence recognition happens through base-
pairing with the snRNAs.


• Sequences are highly variable - difficult for 
scientists to predict the exact sequences
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Nucleotide Sequences Signal Where Splicing Occurs
!e mechanism of pre-mRNA splicing shown in Figure 6–24 requires that the 
splicing machinery recognize three portions of the precursor RNA molecule: the 
5ʹ splice site, the 3ʹ splice site, and the branch point in the intron sequence that 
forms the base of the excised lariat. Not surprisingly, each site has a consensus 
nucleotide sequence that is similar from intron to intron and provides the cell 
with cues for where splicing is to take place (Figure 6–27). However, these con-
sensus sequences are relatively short and can accommodate extensive sequence 
variability; as we shall see shortly, the cell incorporates additional types of infor-
mation to ultimately choose exactly where, on each RNA molecule, splicing is to 
take place.

!e high variability of the splicing consensus sequences presents a special 
challenge for scientists attempting to decipher genome sequences. Introns range 
in size from about 10 nucleotides to over 100,000 nucleotides, and choosing the 
precise borders of each intron is a di"cult task even with the aid of powerful com-
puters. !e possibility of alternative splicing compounds the problem of predict-
ing protein sequences solely from a genome sequence. !is di"culty is one of the 
main barriers to identifying all of the genes in a complete genome sequence, and 
it is one of the primary reasons why we know only the approximate number of 
di#erent proteins produced by the human genome. 

RNA Splicing Is Performed by the Spliceosome
Unlike the other steps of mRNA production we have discussed, key steps in RNA 
splicing are performed by RNA molecules rather than proteins. Specialized RNA 
molecules recognize the nucleotide sequences that specify where splicing is to 
occur and also catalyze the chemistry of splicing. !ese RNA molecules are rela-
tively short (less than 200 nucleotides each), and there are $ve of them, U1, U2, U4, 
U5, and U6. Known as snRNAs (small nuclear RNAs), each is complexed with at 
least seven protein subunits to form an snRNP (small nuclear ribonucleoprotein). 

FROM DNA TO RNA

Figure 6–26 Alternative splicing of 
the α-tropomyosin gene from rat. 
α-Tropomyosin is a coiled-coil protein (see 
Figure 3–9) that carries out several tasks, 
most notably the regulation of contraction 
in muscle cells. The primary transcript can 
be spliced in different ways, as indicated 
in the figure, to produce distinct mRNAs, 
which then give rise to variant proteins. 
Some of the splicing patterns are specific 
for certain types of cells. For example, the 
α-tropomyosin made in striated muscle 
is different from that made from the same 
gene in smooth muscle. The arrowheads 
in the top part of the figure mark the sites 
where cleavage and poly-A addition form 
the 3ʹ ends of the mature mRNAs.
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Figure 6–27 The consensus nucleotide 
sequences in an RNA molecule that 
signal the beginning and the end of 
most introns in humans. The three 
blocks of nucleotide sequences shown are 
required to remove an intron sequence. 
Here A, G, U, and C are the standard RNA 
nucleotides; R stands for purines (A or 
G); and Y stands for pyrimidines (C or U). 
The A highlighted in red forms the branch 
point of the lariat produced by splicing (see 
Figure 6–25). Only the GU at the start of the 
intron and the AG at its end are invariant 
nucleotides in the splicing consensus 
sequences. Several different nucleotides 
can occupy the remaining positions, 
although the indicated nucleotides are 
preferred. The distances along the RNA 
between the three splicing consensus 
sequences are highly variable; however, 
the distance between the branch point and 
3ʹ splice junction is typically much shorter 
than that between the 5ʹ splice junction 
and the branch point. 
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RNA splicing
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!ese snRNPs form the core of the spliceosome, the large assembly of RNA and 
protein molecules that performs pre-mRNA splicing in the cell. During the splic-
ing reaction, recognition of the 5ʹ splice junction, the branch-point site, and the 
3ʹ splice junction is performed largely through base-pairing between the snRNAs 
and the consensus RNA sequences in the pre-mRNA substrate.

!e spliceosome is a complex and dynamic machine. When studied in vitro, a 
few components of the spliceosome assemble on pre-mRNA and, as the splicing 
reaction proceeds, new components enter and those that have already performed 
their tasks are jettisoned (Figure 6–28). However, many scientists believe that, 
inside the cell, the spliceosome is a preexisting, loose assembly of all the compo-
nents—capturing, splicing, and releasing RNA as a coordinated unit, and under-
going extensive rearrangements each time a splice is made. 
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The U1 snRNP forms base pairs with the 5′ 
splice junction (see Figure 6–29) and the BBP 
(branch-point binding protein) and U2AF 
(U2 auxilliary factor) recognize the 
branch-point site.

The U2 snRNP displaces BBP and U2AF and 
forms base pairs with the branch-point site 
consensus sequence.

The U4/U6•U5 “triple” snRNP enters the 
reaction. In this triple snRNP, the U4 and U6 
snRNAs are held firmly together by base-pair 
interactions. Subsequent rearrangements 
break apart the U4/U6 base pairs, allowing 
U6 to displace U1 at the 5′ splice junction 
(see Figure 6–29). This creates the active site 
that catalyzes the first phosphoryl- 
transferase reaction.

Additional RNA–RNA rearrangements create 
the active site for the second phosphoryl- 
transferase reaction, which then completes 
the splice (see Figure 6–25A).

exon junction
complex (EJC)

Figure 6–28 The pre-mRNA splicing 
mechanism. RNA splicing is catalyzed by 
an assembly of snRNPs (shown as colored 
circles) plus other proteins (most of which are 
not shown), which together constitute the 
spliceosome. The spliceosome recognizes the 
splicing signals on a pre-mRNA molecule, brings 
the two ends of the intron together, and provides 
the enzymatic activity for the two reaction steps 
required (see Figure 6–25A and Movie 6.5). 
As indicated, a set of proteins called the exon 
junction complex (EJC) remains on the spliced 
mRNA molecule; its subsequent role will be 
discussed shortly.
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RNA splicing
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The Exon Junction Complex (EJC) is a multi-
protein complex that is deposited on mRNA at 
the site where two exons are joined together 
after splicing.
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RNA splicing

How does this work?


• ATP is used for the assembly and re-arrangements of the spliceosome


• Accuracy is increased because the splicing is coupled to transcription (prevents from skipping splice sites)


• Details are not fully understood
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Concept of alternative splicing

• It facilitates the emergence of new proteins


• Provides the ability to synthesize several different 
proteins from the same gene
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Where to stop transcription (for mRNAs)

• The position of the 3’ end is specified by signals encoded in the genome 
(typically AATAAA)


• These signals are transcribed into RNA and recognised by RNA-binding-
proteins and RNA-processing enzymes


• CstF and CPSF bind their recognition sequence on the emerging RNA 
molecule


• RNA is cleaved from the polymerase


• PolyA polymerase adds ~200 A nucleotides at the end of the sequence, 
creating the poly-A tail


• poly-A binding proteins bind to it
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Both of these proteins travel with the RNA polymerase tail and are transferred to 
the 3ʹ-end processing sequence on an RNA molecule as it emerges from the RNA 
polymerase. 

Once CstF and CPSF bind to their recognition sequences on the emerging 
RNA molecule, additional proteins assemble with them to create the 3ʹ end of the 
mRNA. First, the RNA is cleaved from the polymerase (see Figure 6–35). Next an 
enzyme called poly-A polymerase (PAP) adds, one at a time, approximately 200 A 
nucleotides to the 3ʹ end produced by the cleavage. !e nucleotide precursor for 
these additions is ATP, and the same type of 5ʹ-to-3ʹ bonds are formed as in con-
ventional RNA synthesis. But unlike other RNA polymerases, poly-A polymerase 
does not require a template; hence the poly-A tail of eukaryotic mRNAs is not 
directly encoded in the genome. As the poly-A tail is synthesized, proteins called 
poly-A-binding proteins assemble onto it and, by a poorly understood mecha-
nism, help determine the "nal length of the tail. 

After the 3ʹ-end of a eukaryotic pre-mRNA molecule has been cleaved, the RNA 
polymerase II continues to transcribe, in some cases for hundreds of nucleotides. 
Once 3ʹ-end cleavage has occurred, the newly synthesized RNA that emerges from 
the polymerases lacks a 5ʹ cap; this unprotected RNA is rapidly degraded by a 5ʹ 
→ 3ʹ exonuclease carried along on the polymerase tail. Apparently, it is this con-
tinued RNA degradation that eventually causes the RNA polymerase to release its 
grip on the template and terminate transcription. 

Mature Eukaryotic mRNAs Are Selectively Exported from the 
Nucleus
Eukaryotic pre-mRNA synthesis and processing take place in an orderly fashion 
within the cell nucleus. But of the pre-mRNA that is synthesized, only a small frac-
tion—the mature mRNA—is of further use to the cell. Most of the rest—excised 
introns, broken RNAs, and aberrantly processed pre-mRNAs—is not only useless 
but potentially dangerous. How does the cell distinguish between the relatively 
rare mature mRNA molecules it wishes to keep and the overwhelming amount of 
debris created by RNA processing? 

!e answer is that, as an RNA molecule is processed, it loses certain proteins 
and acquires others. For example, we have seen that acquisition of cap-binding 
complexes, exon junction complexes, and poly-A-binding proteins mark the com-
pletion of capping, splicing, and poly-A addition, respectively. A properly com-
pleted mRNA molecule is also distinguished by the proteins it lacks. For example, 
the presence of an snRNP protein would signify incomplete or aberrant splicing. 
Only when the proteins present on an mRNA molecule collectively signify that pro-
cessing was successfully completed is the mRNA exported from the nucleus into 
the cytosol, where it can be translated into protein. Improperly processed mRNAs 
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Figure 6–34 Consensus nucleotide 
sequences that direct cleavage and 
polyadenylation to form the 3ʹ end of 
a eukaryotic mRNA. These sequences 
are encoded in the genome, and specific 
proteins recognize them—as RNA—after 
they are transcribed. As shown in Figure 
6–35, the hexamer AAUAAA is bound by 
CPSF and the GU-rich element beyond 
the cleavage site is bound by CstF; the 
CA sequence is bound by a third protein 
factor required for the cleavage step. Like 
other consensus nucleotide sequences 
discussed in this chapter (see Figure 
6–12), the sequences shown in the figure 
represent a variety of individual cleavage 
and polyadenylation signals. 
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Figure 6–35 Some of the major steps in generating the 3ʹ end of a 
eukaryotic mRNA. This process is much more complicated than the 
analogous process in bacteria, where the RNA polymerase simply stops at a 
termination signal and releases both the 3ʹ end of its transcript and the DNA 
template (see Figure 6–11).
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Mature mRNAs are exported from the nucleus

• How to know that they are mature? 


✓ cap-binding complexes


✓ exon junction complexes


✓ polyA binding proteins


• Processed mRNAs are guided through nuclear pore complexes (NPCs), where they are exported
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and other RNA debris (excised intron sequences, for example) are retained in the 
nucleus, where they are eventually degraded by the nuclear exosome, a large pro-
tein complex whose interior is rich in 3ʹ-to-5ʹ RNA exonucleases (Figure 6–36). 
Eukaryotic cells thus export only useful RNA molecules to the cytoplasm, while 
debris is disposed of in the nucleus. 

Of all the proteins that assemble on pre-mRNA molecules as they emerge from 
transcribing RNA polymerases, the most abundant are the hnRNPs (heteroge-
neous nuclear ribonuclear proteins). Some of these proteins (there are approx-
imately 30 di!erent ones in humans) unwind the hairpin helices in the RNA so 
that splicing and other signals on the RNA can be read more easily. Others pref-
erentially package the RNA contained in the very long intron sequences typical 
in complex organisms (see Figure 6–31) and these may play an important role in 
distinguishing mature mRNA from the debris left over from RNA processing.

Successfully processed mRNAs are guided through the nuclear pore  
complexes (NPCs)—aqueous channels in the nuclear membrane that directly 
connect the nucleoplasm and cytosol (Figure 6–37). Small molecules (less than 
60,000 daltons) can di!use freely through these channels. However, most of the 
macromolecules in cells, including mRNAs complexed with proteins, are far too 
large to pass through the channels without a special process. "e cell uses energy 
to actively transport such macromolecules in both directions through the nuclear 
pore complexes.

As explained in detail in Chapter 12, macromolecules are moved through 
nuclear pore complexes by nuclear transport receptors, which, depending on the 
identity of the macromolecule, escort it from the nucleus to the cytoplasm or vice 
versa. For mRNA export to occur, a speci#c nuclear transport receptor must be 
loaded onto the mRNA, a step that, in many organisms, takes place in concert 
with 3ʹ cleavage and polyadenylation. Once it helps to move an RNA molecule 
through the nuclear pore complex, the transport receptor dissociates from the 
mRNA, re-enters the nucleus, and is then used to export a new mRNA molecule.

"e export of mRNA–protein complexes from the nucleus can be readily 
observed with the electron microscope for the unusually abundant mRNA of the 
insect Balbiani Ring genes. As these genes are transcribed, the newly formed RNA 
is seen to be packaged by proteins, including hnRNPs, SR proteins, and compo-
nents of the spliceosome. "is protein–RNA complex undergoes a series of struc-
tural transitions, probably re$ecting RNA processing events, culminating in a 
curved #ber (see Figure 6–37). "is curved #ber moves through the nucleoplasm 
and enters the nuclear pore complex (with its 5ʹ cap proceeding #rst), and it then 
undergoes another series of structural transitions as it moves through the pore. 
"ese and other observations reveal that the pre-mRNA–protein and mRNA–pro-
tein complexes are dynamic structures that gain and lose numerous speci#c pro-
teins during RNA synthesis, processing, and export (Figure 6–38).

"e analysis just described has been complemented by new methods that 
allow researchers to track the fate of more typical mRNA molecules, which can 
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Figure 6–36 Structure of the core of 
human RNA exosome. RNA is fed 
into one end of the central pore and is 
degraded by RNAses that associate 
with the other end. Nine different protein 
subunits (each represented by a different 
color) make up this large ring structure. 
Eukaryotic cells have both a nuclear 
exosome and a cytoplasmic exosome; both 
forms include the core exosome shown 
here and additional subunits (including 
specialized RNAses) that differentiate the 
two forms. The nuclear exosome degrades 
aberrant RNAs before they are exported to 
the cytosol. It also processes certain types 
of RNA (for example, the ribosomal RNAs) 
to produce their final form. The cytoplasmic 
form of the exosome is responsible for 
degrading mRNAs in the cytosol, and is 
thus crucial in determining the lifetime of 
each mRNA molecule. (PDB code: 2NN6.)
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Figure 6–37 Transport of a large mRNA molecule through the nuclear pore complex. (A) The maturation of an mRNA molecule as it is 
synthesized by RNA polymerase and packaged by a variety of nuclear proteins. This drawing of an unusually large and abundant insect RNA, called 
the Balbiani Ring mRNA, is based on electron microscope micrographs such as that shown in (B). (A, adapted from B. Daneholt, Cell 88:585–588, 
1997. With permission from Elsevier; B, from B.J. Stevens and H. Swift, J. Cell Biol. 31:55–77, 1966. With permission from The Rockefeller 
University Press.)
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II. DNA to RNA
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Since the structure of DNA was discovered in the early 1950s, progress in cell and 
molecular biology has been astounding. We now know the complete genome 
sequences for thousands of di!erent organisms, revealing fascinating details of 
their biochemistry as well as important clues as to how these organisms evolved. 
Complete genome sequences have also been obtained for thousands of individ-
ual humans, as well as for a few of our now-extinct relatives, such as the Neander-
thals. Knowing the maximum amount of information that is required to produce 
a complex organism like ourselves puts constraints on the biochemical and struc-
tural features of cells and makes it clear that biology is not in"nitely complex. 

As discussed in Chapter 1, the DNA in genomes does not direct protein synthe-
sis itself, but instead uses RNA as an intermediary. When the cell needs a particu-
lar protein, the nucleotide sequence of the appropriate portion of the immensely 
long DNA molecule in a chromosome is "rst copied into RNA (a process called 
transcription). It is these RNA copies of segments of the DNA that are used directly 
as templates to direct the synthesis of the protein (a process called translation). 
#e $ow of genetic information in cells is therefore from DNA to RNA to protein 
(Figure 6–1). All cells, from bacteria to humans, express their genetic informa-
tion in this way—a principle so fundamental that it is termed the central dogma 
of molecular biology. Despite the universality of the central dogma of molecular 
biology, there are important variations between organisms in the way in which 
information $ows from DNA to protein. Principal among these is that RNA tran-
scripts in eukaryotic cells are subject to a series of processing steps in the nucleus, 
including RNA splicing, before they are permitted to exit from the nucleus and be 
translated into protein. As we discuss in this chapter, these processing steps can 
critically change the “meaning” of an RNA molecule and are therefore crucial for 
understanding how eukaryotic cells read their genome.

Although we focus on the production of the proteins encoded by the genome 
in this chapter, we see that for many genes, RNA is the "nal product. Like pro-
teins, some of these RNAs fold into precise three-dimensional structures that have 
structural and catalytic roles in the cell. Other RNAs, as we discuss in the next 
chapter, act primarily as regulators of gene expression. But the roles of many non-
coding RNAs are not yet known.

One might have predicted that the information present in genomes would 
be arranged in an orderly fashion, resembling a dictionary or a telephone direc-
tory. But it turns out that the genomes of most multicellular organisms are sur-
prisingly disorderly, re$ecting their chaotic evolutionary histories. #e genes in 
these organisms largely consist of a long string of alternating short exons and long 
introns, as discussed in Chapter 4 (see Figure 4–15D). Moreover, small bits of DNA 
sequence that code for protein are interspersed with large blocks of seemingly 
meaningless DNA. Some sections of the genome contain many genes and oth-
ers lack genes altogether. Proteins that work closely with one another in the cell 
often have their genes located on di!erent chromosomes, and adjacent genes typ-
ically encode proteins that have little to do with each other in the cell. Decoding 
genomes is therefore no simple matter. Even with the aid of powerful computers, 
it is di%cult for researchers to locate de"nitively the beginning and end of genes, 
much less to decipher when and where each gene is expressed in the life of the 
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Figure 6–1 The pathway from DNA to 
protein. The flow of genetic information 
from DNA to RNA (transcription) and from 
RNA to protein (translation) occurs in all 
living cells.
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Non-coding RNAs: rRNAs

• 80% of the cellular RNA is ribosomal RNAs (rRNAs)


• Produced by RNA polymerase I in eukaryotic cells


• Does not have a Ct tail (which explains the lack of cap and poly-A 
tail of the rRNAs)


• Multiple copies of rRNA genes (~200 in humans) that encode 
rRNAs to have enough ribosomes (no amplification at the translation 
level)


• Ribosomes are assembled in the nucleolus

  329

the introns of other genes, especially those encoding ribosomal proteins. !ey are 
synthesized by RNA polymerase II and processed from excised intron sequences. 

The Nucleolus Is a Ribosome-Producing Factory
!e nucleolus is the most obvious structure seen in the nucleus of a eukaryotic 
cell when viewed in the light microscope. It was so closely scrutinized by early 
cytologists that an 1898 review could list some 700 references. We now know 
that the nucleolus is the site for the processing of rRNAs and their assembly into 
ribosome subunits. Unlike many of the major organelles in the cell, the nucle-
olus is not bound by a membrane (Figure 6–42); instead, it is a huge aggregate 

FROM DNA TO RNA

Figure 6–41 Modifications of the 
precursor rRNA by guide RNAs. (A) Two 
prominent covalent modifications made 
to rRNA; the differences from the initially 
incorporated nucleotide are indicated by 
red atoms. Pseudouridine is an isomer of 
uridine; the base has been “rotated,” and is 
attached to the red C rather than to the red 
N of the sugar (compare to Figure 6–5B). 
(B) As indicated, snoRNAs determine the 
sites of modification by base-pairing to 
complementary sequences on the precursor 
rRNA. The snoRNAs are bound to proteins, 
and the complexes are called snoRNPs 
(small nucleolar ribonucleoproteins). 
snoRNPs contain both the guide sequences 
and the enzymes that modify the rRNA.
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Figure 6–42 Electron micrograph of a 
thin section of a nucleolus in a human 
fibroblast, showing its three distinct 
zones. (A) View of entire nucleus.  
(B) Higher-power view of the nucleolus. It 
is believed that transcription of the rRNA 
genes takes place between the fibrillar center 
and the dense fibrillar component and that 
processing of the rRNAs and their assembly 
into the two subunits of the ribosome 
proceeds outward from the dense fibrillar 
component to the surrounding granular 
components. (Courtesy of E.G. Jordan and 
J. McGovern.) 
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Ribosome assembly  331

The Nucleus Contains a Variety of Subnuclear Aggregates
Although the nucleolus is the most prominent structure in the nucleus, sev-
eral other nuclear bodies have been observed and studied (Figure 6–46). !ese 
include Cajal bodies (named for the scientist who "rst described them in 1906) 
and interchromatin granule clusters (also called “speckles”). Like the nucleolus, 
these other nuclear structures lack membranes and are highly dynamic depend-
ing on the needs of the cell. !eir assembly is likely mediated by the association of 
low complexity protein domains, as described in Chapter 3 (see Figure 3–36). !eir 
appearance is the result of the tight association of protein and RNA components 
involved in the synthesis, assembly, and storage of macromolecules involved in 
gene expression. Cajal bodies are sites where the snRNPs and snoRNPs undergo 
their "nal maturation steps, and where the snRNPs are recycled and their RNAs 
are “reset” after the rearrangements that occur during splicing (see p. 321). In 
contrast, the interchromatin granule clusters have been proposed to be stockpiles 
of fully mature snRNPs and other RNA processing components that are ready to 
be used in the production of mRNA. 

Scientists have had di#culties in working out the function of these small sub-
nuclear structures, in part because their appearances can change dramatically as 
cells traverse the cell cycle or respond to changes in their environment. Moreover, 
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Figure 6–45 The function of the 
nucleolus in ribosome and other 
ribonucleoprotein synthesis. The 45S 
precursor rRNA is packaged in a large 
ribonucleoprotein particle containing 
many ribosomal proteins imported from 
the cytoplasm. While this particle remains 
at the nucleolus, selected components 
are added and others discarded as it is 
processed into immature large and small 
ribosomal subunits. The two ribosomal 
subunits attain their final functional form 
only after each is individually transported 
through the nuclear pores into the 
cytoplasm. Other ribonucleoprotein 
complexes, including telomerase shown 
here, are also assembled in the nucleolus.

FROM DNA TO RNA

*snoRNA = small nucleolar RNA
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Which non-coding RNAs do we already know?

  305

modern DNA polymerases and reverse transcriptases discussed in Chapter 5, as 
well as to a few RNA polymerases from viruses. !e other lineage formed all of the 
modern RNA polymerases that we discuss in this chapter.

Cells Produce Different Categories of RNA Molecules
!e majority of genes carried in a cell’s DNA specify the amino acid sequence of 
proteins; the RNA molecules that are copied from these genes (which ultimately 
direct the synthesis of proteins) are called messenger RNA (mRNA) molecules. !e 
"nal product of other genes, however, is the RNA molecule itself. !ese RNAs are 
known as noncoding RNAs because they do not code for protein. In a well-stud-
ied, single-celled eukaryote, the yeast Saccharomyces cerevisiae, over 1200 genes 
(more than 15% of the total) produce RNA as their "nal product. Humans may 
produce on the order of ten thousand noncoding RNAs. !ese RNAs, like proteins, 
serve as enzymatic, structural, and regulatory components for a wide variety of 
processes in the cell. In Chapter 5, we encountered one of them as the template 
carried by the enzyme telomerase. Although many of the noncoding RNAs are still 
mysterious, we shall see in this chapter that small nuclear RNA (snRNA) mole-
cules direct the splicing of pre-mRNA to form mRNA, that ribosomal RNA (rRNA) 
molecules form the core of ribosomes, and that transfer RNA (tRNA) molecules 
form the adaptors that select amino acids and hold them in place on a ribosome 
for incorporation into protein. In Chapter 7, we shall see that microRNA (miRNA) 
molecules and small interfering RNA (siRNA) molecules serve as key regulators 
of eukaryotic gene expression, and that piwi-interacting RNAs (piRNAs) pro-
tect animal germ lines from transposons; we also discuss the long noncoding  
RNAs (lncRNAs), a diverse set of RNAs whose functions are just being discovered 
(Table 6–1).

FROM DNA TO RNA

1 µm

MBoC6 m6.09/6.09

Figure 6–10 Transcription of two 
genes as observed under the electron 
microscope. The micrograph shows 
many molecules of RNA polymerase 
simultaneously transcribing each of 
two adjacent genes. Molecules of RNA 
polymerase are visible as a series of dots 
along the DNA with the newly synthesized 
transcripts (fine threads) attached to them. 
The RNA molecules (ribosomal RNAs) 
shown in this example are not translated 
into protein but are instead used directly as 
components of ribosomes, the machines 
on which translation takes place. The 
particles at the 5ʹ end (the free end) of each 
rRNA transcript are believed to reflect the 
beginnings of ribosome assembly. From the 
relative lengths of the newly synthesized 
transcripts, it can be deduced that the RNA 
polymerase molecules are transcribing from 
left to right. (Courtesy of Ulrich Scheer.)

TABLE 6–1 Principal Types of RNAs Produced in Cells

Type of RNA Function

mRNAs Messenger RNAs, code for proteins

rRNAs Ribosomal RNAs, form the basic structure of the ribosome and catalyze protein synthesis

tRNAs Transfer RNAs, central to protein synthesis as adaptors between mRNA and amino acids

snRNAs Small nuclear RNAs, function in a variety of nuclear processes, including the splicing of pre-mRNA

snoRNAs Small nucleolar RNAs, help to process and chemically modify rRNAs

miRNAs MicroRNAs, regulate gene expression by blocking translation of specific mRNAs and cause their degradation

siRNAs Small interfering RNAs, turn off gene expression by directing the degradation of selective mRNAs and the 
establishment of compact chromatin structures

piRNAs Piwi-interacting RNAs, bind to piwi proteins and protect the germ line from transposable elements

lncRNAs Long noncoding RNAs, many of which serve as scaffolds; they regulate diverse cell processes, including 
X-chromosome inactivation
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III. RNA to protein
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Since the structure of DNA was discovered in the early 1950s, progress in cell and 
molecular biology has been astounding. We now know the complete genome 
sequences for thousands of di!erent organisms, revealing fascinating details of 
their biochemistry as well as important clues as to how these organisms evolved. 
Complete genome sequences have also been obtained for thousands of individ-
ual humans, as well as for a few of our now-extinct relatives, such as the Neander-
thals. Knowing the maximum amount of information that is required to produce 
a complex organism like ourselves puts constraints on the biochemical and struc-
tural features of cells and makes it clear that biology is not in"nitely complex. 

As discussed in Chapter 1, the DNA in genomes does not direct protein synthe-
sis itself, but instead uses RNA as an intermediary. When the cell needs a particu-
lar protein, the nucleotide sequence of the appropriate portion of the immensely 
long DNA molecule in a chromosome is "rst copied into RNA (a process called 
transcription). It is these RNA copies of segments of the DNA that are used directly 
as templates to direct the synthesis of the protein (a process called translation). 
#e $ow of genetic information in cells is therefore from DNA to RNA to protein 
(Figure 6–1). All cells, from bacteria to humans, express their genetic informa-
tion in this way—a principle so fundamental that it is termed the central dogma 
of molecular biology. Despite the universality of the central dogma of molecular 
biology, there are important variations between organisms in the way in which 
information $ows from DNA to protein. Principal among these is that RNA tran-
scripts in eukaryotic cells are subject to a series of processing steps in the nucleus, 
including RNA splicing, before they are permitted to exit from the nucleus and be 
translated into protein. As we discuss in this chapter, these processing steps can 
critically change the “meaning” of an RNA molecule and are therefore crucial for 
understanding how eukaryotic cells read their genome.

Although we focus on the production of the proteins encoded by the genome 
in this chapter, we see that for many genes, RNA is the "nal product. Like pro-
teins, some of these RNAs fold into precise three-dimensional structures that have 
structural and catalytic roles in the cell. Other RNAs, as we discuss in the next 
chapter, act primarily as regulators of gene expression. But the roles of many non-
coding RNAs are not yet known.

One might have predicted that the information present in genomes would 
be arranged in an orderly fashion, resembling a dictionary or a telephone direc-
tory. But it turns out that the genomes of most multicellular organisms are sur-
prisingly disorderly, re$ecting their chaotic evolutionary histories. #e genes in 
these organisms largely consist of a long string of alternating short exons and long 
introns, as discussed in Chapter 4 (see Figure 4–15D). Moreover, small bits of DNA 
sequence that code for protein are interspersed with large blocks of seemingly 
meaningless DNA. Some sections of the genome contain many genes and oth-
ers lack genes altogether. Proteins that work closely with one another in the cell 
often have their genes located on di!erent chromosomes, and adjacent genes typ-
ically encode proteins that have little to do with each other in the cell. Decoding 
genomes is therefore no simple matter. Even with the aid of powerful computers, 
it is di%cult for researchers to locate de"nitively the beginning and end of genes, 
much less to decipher when and where each gene is expressed in the life of the 
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Figure 6–1 The pathway from DNA to 
protein. The flow of genetic information 
from DNA to RNA (transcription) and from 
RNA to protein (translation) occurs in all 
living cells.
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• = conversion of information from RNA into proteins


• 4 nucleotides and 20 amino-acids — genetic code


• Used in all organisms (some small variations)


• A sequence has three reading frames

Translation

334 Chapter 6:  How Cells Read the Genome: From DNA to Protein

An mRNA Sequence Is Decoded in Sets of Three Nucleotides
Once an mRNA has been produced by transcription and processing, the informa-
tion present in its nucleotide sequence is used to synthesize a protein. Transcrip-
tion is simple to understand as a means of information transfer: since DNA and 
RNA are chemically and structurally similar, the DNA can act as a direct template 
for the synthesis of RNA by complementary base-pairing. As the term transcrip-
tion signi!es, it is as if a message written out by hand is being converted, say, into 
a typewritten text. "e language itself and the form of the message do not change, 
and the symbols used are closely related. 

In contrast, the conversion of the information in RNA into protein represents 
a translation of the information into another language that uses quite di#erent 
symbols. Moreover, since there are only 4 di#erent nucleotides in mRNA and 20 
di#erent types of amino acids in a protein, this translation cannot be accounted 
for by a direct one-to-one correspondence between a nucleotide in RNA and an 
amino acid in protein. "e nucleotide sequence of a gene, through the interme-
diary of mRNA, is instead translated into the amino acid sequence of a protein by 
rules that are known as the genetic code. "is code was deciphered in the early 
1960s. 

"e sequence of nucleotides in the mRNA molecule is read in consecutive 
groups of three. RNA is a linear polymer of four di#erent nucleotides, so there are 
4 × 4 × 4 = 64 possible combinations of three nucleotides: the triplets AAA, AUA, 
AUG, and so on. However, only 20 di#erent amino acids are commonly found in 
proteins. Either some nucleotide triplets are never used, or the code is redundant 
and some amino acids are speci!ed by more than one triplet. "e second possi-
bility is, in fact, the correct one, as shown by the completely deciphered genetic 
code in Figure 6–48. Each group of three consecutive nucleotides in RNA is called 
a codon, and each codon speci!es either one amino acid or a stop to the transla-
tion process.

"is genetic code is used universally in all present-day organisms. Although a 
few slight di#erences in the code have been found, these are chie%y in the DNA of 
mitochondria. Mitochondria have their own transcription and protein-synthesis 
systems that operate quite independently from those of the rest of the cell, and it 
is understandable that their tiny genomes have been able to accommodate minor 
changes to the code (discussed in Chapter 14).

In principle, an RNA sequence can be translated in any one of three di#erent 
reading frames, depending on where the decoding process begins (Figure 6–49). 
However, only one of the three possible reading frames in an mRNA encodes the 
required protein. We see later how a special punctuation signal at the beginning of 
each RNA message sets the correct reading frame at the start of protein synthesis.

tRNA Molecules Match Amino Acids to Codons in mRNA
"e codons in an mRNA molecule do not directly recognize the amino acids they 
specify: the group of three nucleotides does not, for example, bind directly to the 
amino acid. Rather, the translation of mRNA into protein depends on adaptor 
molecules that can recognize and bind both to the codon and, at another site on 
their surface, to the amino acid. "ese adaptors consist of a set of small RNA mol-
ecules known as transfer RNAs (tRNAs), each about 80 nucleotides in length.
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Figure 6–48 The genetic code. The 
standard one-letter abbreviation for each 
amino acid is presented below its three-
letter abbreviation (see Panel 3–1, pp. 112–
113, for the full name of each amino acid 
and its structure). By convention, codons 
are always written with the 5ʹ-terminal 
nucleotide to the left. Note that most amino 
acids are represented by more than one 
codon, and that there are some regularities 
in the set of codons that specifies each 
amino acid: codons for the same amino 
acid tend to contain the same nucleotides 
at the first and second positions, and 
vary at the third position. Three codons 
do not specify any amino acid but act as 
termination sites (stop codons), signaling 
the end of the protein-coding sequence. 
One codon—AUG—acts both as an 
initiation codon, signaling the start of a 
protein-coding message, and also as the 
codon that specifies methionine.

Figure 6–49 The three possible 
reading frames in protein synthesis. 
In the process of translating a nucleotide 
sequence (blue) into an amino acid 
sequence (red), the sequence of 
nucleotides in an mRNA molecule is read 
from the 5ʹ end to the 3ʹ end in consecutive 
sets of three nucleotides. In principle, 
therefore, the same RNA sequence can 
specify three completely different amino 
acid sequences, depending on the reading 
frame. In reality, however, only one of 
these reading frames contains the actual 
message. 
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An mRNA Sequence Is Decoded in Sets of Three Nucleotides
Once an mRNA has been produced by transcription and processing, the informa-
tion present in its nucleotide sequence is used to synthesize a protein. Transcrip-
tion is simple to understand as a means of information transfer: since DNA and 
RNA are chemically and structurally similar, the DNA can act as a direct template 
for the synthesis of RNA by complementary base-pairing. As the term transcrip-
tion signi!es, it is as if a message written out by hand is being converted, say, into 
a typewritten text. "e language itself and the form of the message do not change, 
and the symbols used are closely related. 

In contrast, the conversion of the information in RNA into protein represents 
a translation of the information into another language that uses quite di#erent 
symbols. Moreover, since there are only 4 di#erent nucleotides in mRNA and 20 
di#erent types of amino acids in a protein, this translation cannot be accounted 
for by a direct one-to-one correspondence between a nucleotide in RNA and an 
amino acid in protein. "e nucleotide sequence of a gene, through the interme-
diary of mRNA, is instead translated into the amino acid sequence of a protein by 
rules that are known as the genetic code. "is code was deciphered in the early 
1960s. 

"e sequence of nucleotides in the mRNA molecule is read in consecutive 
groups of three. RNA is a linear polymer of four di#erent nucleotides, so there are 
4 × 4 × 4 = 64 possible combinations of three nucleotides: the triplets AAA, AUA, 
AUG, and so on. However, only 20 di#erent amino acids are commonly found in 
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and some amino acids are speci!ed by more than one triplet. "e second possi-
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mitochondria. Mitochondria have their own transcription and protein-synthesis 
systems that operate quite independently from those of the rest of the cell, and it 
is understandable that their tiny genomes have been able to accommodate minor 
changes to the code (discussed in Chapter 14).

In principle, an RNA sequence can be translated in any one of three di#erent 
reading frames, depending on where the decoding process begins (Figure 6–49). 
However, only one of the three possible reading frames in an mRNA encodes the 
required protein. We see later how a special punctuation signal at the beginning of 
each RNA message sets the correct reading frame at the start of protein synthesis.

tRNA Molecules Match Amino Acids to Codons in mRNA
"e codons in an mRNA molecule do not directly recognize the amino acids they 
specify: the group of three nucleotides does not, for example, bind directly to the 
amino acid. Rather, the translation of mRNA into protein depends on adaptor 
molecules that can recognize and bind both to the codon and, at another site on 
their surface, to the amino acid. "ese adaptors consist of a set of small RNA mol-
ecules known as transfer RNAs (tRNAs), each about 80 nucleotides in length.
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codon, and that there are some regularities 
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One codon—AUG—acts both as an 
initiation codon, signaling the start of a 
protein-coding message, and also as the 
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Figure 6–49 The three possible 
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In the process of translating a nucleotide 
sequence (blue) into an amino acid 
sequence (red), the sequence of 
nucleotides in an mRNA molecule is read 
from the 5ʹ end to the 3ʹ end in consecutive 
sets of three nucleotides. In principle, 
therefore, the same RNA sequence can 
specify three completely different amino 
acid sequences, depending on the reading 
frame. In reality, however, only one of 
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Since the structure of DNA was discovered in the early 1950s, progress in cell and 
molecular biology has been astounding. We now know the complete genome 
sequences for thousands of di!erent organisms, revealing fascinating details of 
their biochemistry as well as important clues as to how these organisms evolved. 
Complete genome sequences have also been obtained for thousands of individ-
ual humans, as well as for a few of our now-extinct relatives, such as the Neander-
thals. Knowing the maximum amount of information that is required to produce 
a complex organism like ourselves puts constraints on the biochemical and struc-
tural features of cells and makes it clear that biology is not in"nitely complex. 

As discussed in Chapter 1, the DNA in genomes does not direct protein synthe-
sis itself, but instead uses RNA as an intermediary. When the cell needs a particu-
lar protein, the nucleotide sequence of the appropriate portion of the immensely 
long DNA molecule in a chromosome is "rst copied into RNA (a process called 
transcription). It is these RNA copies of segments of the DNA that are used directly 
as templates to direct the synthesis of the protein (a process called translation). 
#e $ow of genetic information in cells is therefore from DNA to RNA to protein 
(Figure 6–1). All cells, from bacteria to humans, express their genetic informa-
tion in this way—a principle so fundamental that it is termed the central dogma 
of molecular biology. Despite the universality of the central dogma of molecular 
biology, there are important variations between organisms in the way in which 
information $ows from DNA to protein. Principal among these is that RNA tran-
scripts in eukaryotic cells are subject to a series of processing steps in the nucleus, 
including RNA splicing, before they are permitted to exit from the nucleus and be 
translated into protein. As we discuss in this chapter, these processing steps can 
critically change the “meaning” of an RNA molecule and are therefore crucial for 
understanding how eukaryotic cells read their genome.

Although we focus on the production of the proteins encoded by the genome 
in this chapter, we see that for many genes, RNA is the "nal product. Like pro-
teins, some of these RNAs fold into precise three-dimensional structures that have 
structural and catalytic roles in the cell. Other RNAs, as we discuss in the next 
chapter, act primarily as regulators of gene expression. But the roles of many non-
coding RNAs are not yet known.

One might have predicted that the information present in genomes would 
be arranged in an orderly fashion, resembling a dictionary or a telephone direc-
tory. But it turns out that the genomes of most multicellular organisms are sur-
prisingly disorderly, re$ecting their chaotic evolutionary histories. #e genes in 
these organisms largely consist of a long string of alternating short exons and long 
introns, as discussed in Chapter 4 (see Figure 4–15D). Moreover, small bits of DNA 
sequence that code for protein are interspersed with large blocks of seemingly 
meaningless DNA. Some sections of the genome contain many genes and oth-
ers lack genes altogether. Proteins that work closely with one another in the cell 
often have their genes located on di!erent chromosomes, and adjacent genes typ-
ically encode proteins that have little to do with each other in the cell. Decoding 
genomes is therefore no simple matter. Even with the aid of powerful computers, 
it is di%cult for researchers to locate de"nitively the beginning and end of genes, 
much less to decipher when and where each gene is expressed in the life of the 
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• the codons (triplet) is not directly recognised by an amino-acid 


• Translation depends on adaptors = transfer RNA or tRNA


• ~80 nucleotides with 3D structure

Transfer RNAs (tRNAs)

  335

We saw earlier in this chapter that RNA molecules can fold into precise 
three-dimensional structures, and the tRNA molecules provide a striking exam-
ple. Four short segments of the folded tRNA are double-helical, producing a mol-
ecule that looks like a cloverleaf when drawn schematically (Figure 6–50). For 
example, a 5ʹ-GCUC-3ʹ sequence in one part of a polynucleotide chain can form 
a relatively strong association with a 5ʹ-GAGC-3ʹ sequence in another region of 
the same molecule. !e cloverleaf undergoes further folding to form a compact 
L-shaped structure that is held together by additional hydrogen bonds between 
di"erent regions of the molecule (see Figure 6–50B and C).

Two regions of unpaired nucleotides situated at either end of the L-shaped 
molecule are crucial to the function of tRNA in protein synthesis. One of these 
regions forms the anticodon, a set of three consecutive nucleotides that pairs 
with the complementary codon in an mRNA molecule. !e other is a short sin-
gle-stranded region at the 3ʹ end of the molecule; this is the site where the amino 
acid that matches the codon is attached to the tRNA. 

We saw above that the genetic code is redundant; that is, several di"erent 
codons can specify a single amino acid. !is redundancy implies either that there 
is more than one tRNA for many of the amino acids or that some tRNA molecules 
can base-pair with more than one codon. In fact, both situations occur. Some 
amino acids have more than one tRNA and some tRNAs are constructed so that 
they require accurate base-pairing only at the #rst two positions of the codon 
and can tolerate a mismatch (or wobble) at the third position (Figure 6–51). !is 
wobble base-pairing explains why so many of the alternative codons for an amino 
acid di"er only in their third nucleotide (see Figure 6–48). In bacteria, wobble 
base-pairings make it possible to #t the 20 amino acids to their 61 codons with as 
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Figure 6–50 A tRNA molecule. A tRNA specific for the amino acid phenylalanine (Phe) is depicted in various ways. (A) The 
cloverleaf structure showing the complementary base-pairing (red lines) that creates the double-helical regions of the molecule. 
The anticodon is the sequence of three nucleotides that base-pairs with a codon in mRNA. The amino acid matching the 
codon/anticodon pair is attached at the 3ʹ end of the tRNA. tRNAs contain some unusual bases, which are produced by 
chemical modification after the tRNA has been synthesized. For example, the bases denoted ψ (pseudouridine—see Figure 
6–41) and D (dihydrouridine—see Figure 6–53) are derived from uracil. (B and C) Views of the L-shaped molecule, based on 
x-ray diffraction analysis. Although this diagram shows the tRNA for the amino acid phenylalanine, all other tRNAs have similar 
structures. (D) The tRNA icon we use in this book. (E) The linear nucleotide sequence of the molecule, color-coded to match (A), 
(B), and (C). 



21

• anticodon region: 3 nucleotides that pair with the complementary codon in the mRNA molecule


• 3’end region: binds the corresponding amino-acid


• Genetic code is redundant: some amino-acids have more than one tRNA; some tRNAs allow a mismatch (wobble) 
at the 3d position
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We saw earlier in this chapter that RNA molecules can fold into precise 
three-dimensional structures, and the tRNA molecules provide a striking exam-
ple. Four short segments of the folded tRNA are double-helical, producing a mol-
ecule that looks like a cloverleaf when drawn schematically (Figure 6–50). For 
example, a 5ʹ-GCUC-3ʹ sequence in one part of a polynucleotide chain can form 
a relatively strong association with a 5ʹ-GAGC-3ʹ sequence in another region of 
the same molecule. !e cloverleaf undergoes further folding to form a compact 
L-shaped structure that is held together by additional hydrogen bonds between 
di"erent regions of the molecule (see Figure 6–50B and C).

Two regions of unpaired nucleotides situated at either end of the L-shaped 
molecule are crucial to the function of tRNA in protein synthesis. One of these 
regions forms the anticodon, a set of three consecutive nucleotides that pairs 
with the complementary codon in an mRNA molecule. !e other is a short sin-
gle-stranded region at the 3ʹ end of the molecule; this is the site where the amino 
acid that matches the codon is attached to the tRNA. 

We saw above that the genetic code is redundant; that is, several di"erent 
codons can specify a single amino acid. !is redundancy implies either that there 
is more than one tRNA for many of the amino acids or that some tRNA molecules 
can base-pair with more than one codon. In fact, both situations occur. Some 
amino acids have more than one tRNA and some tRNAs are constructed so that 
they require accurate base-pairing only at the #rst two positions of the codon 
and can tolerate a mismatch (or wobble) at the third position (Figure 6–51). !is 
wobble base-pairing explains why so many of the alternative codons for an amino 
acid di"er only in their third nucleotide (see Figure 6–48). In bacteria, wobble 
base-pairings make it possible to #t the 20 amino acids to their 61 codons with as 
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cloverleaf structure showing the complementary base-pairing (red lines) that creates the double-helical regions of the molecule. 
The anticodon is the sequence of three nucleotides that base-pairs with a codon in mRNA. The amino acid matching the 
codon/anticodon pair is attached at the 3ʹ end of the tRNA. tRNAs contain some unusual bases, which are produced by 
chemical modification after the tRNA has been synthesized. For example, the bases denoted ψ (pseudouridine—see Figure 
6–41) and D (dihydrouridine—see Figure 6–53) are derived from uracil. (B and C) Views of the L-shaped molecule, based on 
x-ray diffraction analysis. Although this diagram shows the tRNA for the amino acid phenylalanine, all other tRNAs have similar 
structures. (D) The tRNA icon we use in this book. (E) The linear nucleotide sequence of the molecule, color-coded to match (A), 
(B), and (C). 
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few as 31 kinds of tRNA molecules. !e exact number of di"erent kinds of tRNAs, 
however, di"ers from one species to the next. For example, humans have nearly 
500 tRNA genes, and among them 48 di"erent anticodons are represented.

tRNAs Are Covalently Modified Before They Exit from the Nucleus
Like most other eukaryotic RNAs, tRNAs are covalently modi#ed before they are 
allowed to exit from the nucleus. Eukaryotic tRNAs are synthesized by RNA poly-
merase III. Both bacterial and eukaryotic tRNAs are typically synthesized as larger 
precursor tRNAs, which are then trimmed to produce the mature tRNA. In addi-
tion, some tRNA precursors (from both bacteria and eukaryotes) contain introns 
that must be spliced out. !is splicing reaction di"ers chemically from pre-mRNA 
splicing; rather than generating a lariat intermediate, tRNA splicing uses a cut-
and-paste mechanism that is catalyzed by proteins (Figure 6–52). Trimming and 
splicing both require the precursor tRNA to be correctly folded in its cloverleaf 
con#guration. Because misfolded tRNA precursors will not be processed prop-
erly, the trimming and splicing reactions serve as quality-control steps in the gen-
eration of tRNAs.

All tRNAs are modi#ed chemically—nearly 1 in 10 nucleotides in each mature 
tRNA molecule is an altered version of a standard G, U, C, or A ribonucleotide. 
Over 50 di"erent types of tRNA modi#cations are known; a few are shown in Fig-
ure 6–53. Some of the modi#ed nucleotides—most notably inosine, produced by 
the deamination of adenosine—a"ect the conformation and base-pairing of the 
anticodon and thereby facilitate the recognition of the appropriate mRNA codon 
by the tRNA molecule (see Figure 6–51). Others a"ect the accuracy with which the 
tRNA is attached to the correct amino acid.

Specific Enzymes Couple Each Amino Acid to Its Appropriate 
tRNA Molecule
We have seen that, to read the genetic code in DNA, cells make a series of di"er-
ent tRNAs. We now consider how each tRNA molecule becomes linked to the one 
amino acid in 20 that is its appropriate partner. Recognition and attachment of the 
correct amino acid depends on enzymes called aminoacyl-tRNA synthetases, 
which covalently couple each amino acid to its appropriate set of tRNA molecules 
(Figure 6–54 and Figure 6–55). Most cells have a di"erent synthetase enzyme for 
each amino acid (that is, 20 synthetases in all); one attaches glycine to all tRNAs 
that recognize codons for glycine, another attaches alanine to all tRNAs that rec-
ognize codons for alanine, and so on. Many bacteria, however, have fewer than 20 
synthetases, and the same synthetase enzyme is responsible for coupling more 
than one amino acid to the appropriate tRNAs. In these cases, a single synthetase 
places the identical amino acid on two di"erent types of tRNAs, only one of which 

Figure 6–51 Wobble base-pairing between codons and anticodons. If the 
nucleotide listed in the first column is present at the third, or wobble, position 
of the codon, it can base-pair with any of the nucleotides listed in the second 
column. Thus, for example, when inosine (I) is present in the wobble position 
of the tRNA anticodon, the tRNA can recognize any one of three different 
codons in bacteria and either of two codons in eukaryotes. The inosine in 
tRNAs is formed from the deamination of adenosine (see Figure 6–53), a 
chemical modification that takes place after the tRNA has been synthesized. 
The nonstandard base pairs, including those made with inosine, are generally 
weaker than conventional base pairs. Codon–anticodon base-pairing is 
more stringent at positions 1 and 2 of the codon, where only conventional 
base pairs are permitted. The differences in wobble base-pairing interactions 
between bacteria and eukaryotes presumably result from subtle structural 
differences between bacterial and eukaryotic ribosomes, the molecular 
machines that perform protein synthesis. (Adapted from C. Guthrie and  
J. Abelson, in The Molecular Biology of the Yeast Saccharomyces: 
Metabolism and Gene Expression, pp. 487–528. Cold Spring Harbor, New 
York: Cold Spring Harbor Laboratory Press, 1982.)
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Figure 6–52 Structure of a tRNA-splicing 
endonuclease docked to a precursor 
tRNA. The endonuclease (a four-subunit 
enzyme) removes the tRNA intron (dark 
blue, bottom). A second enzyme, a 
multifunctional tRNA ligase (not shown), 
then joins the two tRNA halves together. 
(Courtesy of Hong Li, Christopher Trotta, 
and John Abelson; PDB code: 2A9L.)
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few as 31 kinds of tRNA molecules. !e exact number of di"erent kinds of tRNAs, 
however, di"ers from one species to the next. For example, humans have nearly 
500 tRNA genes, and among them 48 di"erent anticodons are represented.

tRNAs Are Covalently Modified Before They Exit from the Nucleus
Like most other eukaryotic RNAs, tRNAs are covalently modi#ed before they are 
allowed to exit from the nucleus. Eukaryotic tRNAs are synthesized by RNA poly-
merase III. Both bacterial and eukaryotic tRNAs are typically synthesized as larger 
precursor tRNAs, which are then trimmed to produce the mature tRNA. In addi-
tion, some tRNA precursors (from both bacteria and eukaryotes) contain introns 
that must be spliced out. !is splicing reaction di"ers chemically from pre-mRNA 
splicing; rather than generating a lariat intermediate, tRNA splicing uses a cut-
and-paste mechanism that is catalyzed by proteins (Figure 6–52). Trimming and 
splicing both require the precursor tRNA to be correctly folded in its cloverleaf 
con#guration. Because misfolded tRNA precursors will not be processed prop-
erly, the trimming and splicing reactions serve as quality-control steps in the gen-
eration of tRNAs.

All tRNAs are modi#ed chemically—nearly 1 in 10 nucleotides in each mature 
tRNA molecule is an altered version of a standard G, U, C, or A ribonucleotide. 
Over 50 di"erent types of tRNA modi#cations are known; a few are shown in Fig-
ure 6–53. Some of the modi#ed nucleotides—most notably inosine, produced by 
the deamination of adenosine—a"ect the conformation and base-pairing of the 
anticodon and thereby facilitate the recognition of the appropriate mRNA codon 
by the tRNA molecule (see Figure 6–51). Others a"ect the accuracy with which the 
tRNA is attached to the correct amino acid.

Specific Enzymes Couple Each Amino Acid to Its Appropriate 
tRNA Molecule
We have seen that, to read the genetic code in DNA, cells make a series of di"er-
ent tRNAs. We now consider how each tRNA molecule becomes linked to the one 
amino acid in 20 that is its appropriate partner. Recognition and attachment of the 
correct amino acid depends on enzymes called aminoacyl-tRNA synthetases, 
which covalently couple each amino acid to its appropriate set of tRNA molecules 
(Figure 6–54 and Figure 6–55). Most cells have a di"erent synthetase enzyme for 
each amino acid (that is, 20 synthetases in all); one attaches glycine to all tRNAs 
that recognize codons for glycine, another attaches alanine to all tRNAs that rec-
ognize codons for alanine, and so on. Many bacteria, however, have fewer than 20 
synthetases, and the same synthetase enzyme is responsible for coupling more 
than one amino acid to the appropriate tRNAs. In these cases, a single synthetase 
places the identical amino acid on two di"erent types of tRNAs, only one of which 
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nucleotide listed in the first column is present at the third, or wobble, position 
of the codon, it can base-pair with any of the nucleotides listed in the second 
column. Thus, for example, when inosine (I) is present in the wobble position 
of the tRNA anticodon, the tRNA can recognize any one of three different 
codons in bacteria and either of two codons in eukaryotes. The inosine in 
tRNAs is formed from the deamination of adenosine (see Figure 6–53), a 
chemical modification that takes place after the tRNA has been synthesized. 
The nonstandard base pairs, including those made with inosine, are generally 
weaker than conventional base pairs. Codon–anticodon base-pairing is 
more stringent at positions 1 and 2 of the codon, where only conventional 
base pairs are permitted. The differences in wobble base-pairing interactions 
between bacteria and eukaryotes presumably result from subtle structural 
differences between bacterial and eukaryotic ribosomes, the molecular 
machines that perform protein synthesis. (Adapted from C. Guthrie and  
J. Abelson, in The Molecular Biology of the Yeast Saccharomyces: 
Metabolism and Gene Expression, pp. 487–528. Cold Spring Harbor, New 
York: Cold Spring Harbor Laboratory Press, 1982.)
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Figure 6–52 Structure of a tRNA-splicing 
endonuclease docked to a precursor 
tRNA. The endonuclease (a four-subunit 
enzyme) removes the tRNA intron (dark 
blue, bottom). A second enzyme, a 
multifunctional tRNA ligase (not shown), 
then joins the two tRNA halves together. 
(Courtesy of Hong Li, Christopher Trotta, 
and John Abelson; PDB code: 2A9L.)
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• The wobble position during translation refers to the third nucleotide (3′ end) of a codon on the 
mRNA — and correspondingly, the first nucleotide (5′ end) of the anticodon on the tRNA


• In the genetic code, each amino acid is specified by a 3-base codon (e.g., AUG = methionine)


• The wobble position is the third base of that codon (for example, the “G” in AUG)


•Base-pairing at this position is less strict — it can “wobble.”


•The first two bases of the codon pair strictly with the corresponding bases in the tRNA 
anticodon


•But at the third position, the base-pairing rules are more flexible


•This flexibility allows one tRNA to recognize multiple codons that code for the same amino 
acid


• It allows the cell to use fewer tRNAs (≈ 40) to recognize 61 sense codons

•
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• Synthesized by RNA polymerase III as larger precursors


• Trimmed to produce mature tRNAs


• Some have introns which must be spliced out by a cut-
and-paste mechanism (different from mRNA) - this rarely also 
happens in some prokaryotes


• All tRNAs are modified chemically: 1 in 10 nt is an altered 
version of the initial ribonucleotide (>50 types of 
modifications are known) 
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has an anticodon that matches the amino acid. A second enzyme then chemically 
modi!es each “incorrectly” attached amino acid so that it now corresponds to the 
anticodon displayed by its covalently linked tRNA.

"e synthetase-catalyzed reaction that attaches the amino acid to the 3ʹ end of 
the tRNA is one of many reactions coupled to the energy-releasing hydrolysis of 
ATP (see pp. 64–65), and it produces a high-energy bond between the tRNA and 
the amino acid. "e energy of this bond is used at a later stage in protein synthesis 
to link the amino acid covalently to the growing polypeptide chain.

"e aminoacyl-tRNA synthetase enzymes and the tRNAs are equally important 
in the decoding process (Figure 6–56). "is was established by an experiment in 

FROM RNA TO PROTEIN

Figure 6–53 A few of the unusual 
nucleotides found in tRNA molecules. 
These nucleotides are produced by 
covalent modification of a normal 
nucleotide after it has been incorporated 
into an RNA chain. Two other types of 
modified nucleotides are shown in Figure 
6–41. In most tRNA molecules, about  
10% of the nucleotides are modified (see 
Figure 6–50). As shown in Figure 6–51, 
inosine is sometimes present at the wobble 
position in the tRNA anticodon.
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Figure 6–54 Amino acid activation by synthetase enzymes. An amino acid is activated for 
protein synthesis by an aminoacyl-tRNA synthetase enzyme in two steps. As indicated, the energy 
of ATP hydrolysis is used to attach each amino acid to its tRNA molecule in a high-energy linkage. 
The amino acid is first activated through the linkage of its carboxyl group directly to AMP, forming 
an adenylated amino acid; the linkage of the AMP, normally an unfavorable reaction, is driven by the 
hydrolysis of the ATP molecule that donates the AMP. Without leaving the synthetase enzyme, the 
AMP-linked carboxyl group on the amino acid is then transferred to a hydroxyl group on the sugar 
at the 3ʹ end of the tRNA molecule. This transfer joins the amino acid by an activated ester linkage 
to the tRNA and forms the final aminoacyl-tRNA molecule. The synthetase enzyme is not shown in 
this diagram.

Transfer RNAs (tRNAs)
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• amino-acyl-tRNA synthetases covalently couple each 
amino acid to their corresponding tRNAs


• reaction coupled with energy-releasing hydrolysis of 
ATP
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Figure 6–54 Amino acid activation by synthetase enzymes. An amino acid is activated for 
protein synthesis by an aminoacyl-tRNA synthetase enzyme in two steps. As indicated, the energy 
of ATP hydrolysis is used to attach each amino acid to its tRNA molecule in a high-energy linkage. 
The amino acid is first activated through the linkage of its carboxyl group directly to AMP, forming 
an adenylated amino acid; the linkage of the AMP, normally an unfavorable reaction, is driven by the 
hydrolysis of the ATP molecule that donates the AMP. Without leaving the synthetase enzyme, the 
AMP-linked carboxyl group on the amino acid is then transferred to a hydroxyl group on the sugar 
at the 3ʹ end of the tRNA molecule. This transfer joins the amino acid by an activated ester linkage 
to the tRNA and forms the final aminoacyl-tRNA molecule. The synthetase enzyme is not shown in 
this diagram.
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which one amino acid (cysteine) was chemically converted into a di!erent amino 
acid (alanine) after it already had been attached to its speci"c tRNA. When such 
“hybrid” aminoacyl-tRNA molecules were used for protein synthesis in a cell-free 
system, the wrong amino acid was inserted at every point in the protein chain 
where that tRNA was used. Although, as we shall see, cells have several quality 
control mechanisms to avoid this type of mishap, the experiment did establish 
that the genetic code is translated by two sets of adaptors that act sequentially. 
Each matches one molecular surface to another with great speci"city, and it is 
their combined action that associates each sequence of three nucleotides in the 
mRNA molecule—that is, each codon—with its particular amino acid. 

Editing by tRNA Synthetases Ensures Accuracy
Several mechanisms working together ensure that an aminoacyl-tRNA synthe-
tase links the correct amino acid to each tRNA. Most synthetase enzymes select 
the correct amino acid by a two-step mechanism. #e correct amino acid has 
the highest a$nity for the active-site pocket of its synthetase and is therefore 
favored over the other 19; in particular, amino acids larger than the correct one 
are excluded from the active site. However, accurate discrimination between two 
similar amino acids, such as isoleucine and valine (which di!er by only a methyl 
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Figure 6–55 The structure of the 
aminoacyl-tRNA linkage. The carboxyl 
end of the amino acid forms an ester 
bond to ribose. Because the hydrolysis of 
this ester bond is associated with a large 
favorable change in free energy, an amino 
acid held in this way is said to be activated. 
(A) Schematic drawing of the structure. The 
amino acid is linked to the nucleotide at 
the 3ʹ end of the tRNA (see Figure 6–50). 
(B) Actual structure corresponding to the 
boxed region in (A). There are two major 
classes of synthetase enzymes: one links 
the amino acid directly to the 3ʹ-OH group 
of the ribose, and the other links it initially 
to the 2ʹ-OH group. In the latter case, a 
subsequent transesterification reaction 
shifts the amino acid to the 3ʹ position.  
As in Figure 6–54, the “R group” indicates 
the side chain of the amino acid.

Figure 6–56 The genetic code is translated by means of two adaptors that act one after another. The first adaptor is the aminoacyl-tRNA 
synthetase, which couples a particular amino acid to its corresponding tRNA; the second adaptor is the tRNA molecule itself, whose anticodon 
forms base pairs with the appropriate codon on the mRNA. An error in either step would cause the wrong amino acid to be incorporated into a 
protein chain (Movie 6.6). In the sequence of events shown, the amino acid tryptophan (Trp) is selected by the codon UGG on the mRNA.

Transfer RNAs (tRNAs)
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How to ensure that the right amino-acid is selected?


• Correct amino acid has larger affinity


• Larger amino acid cannot fit in the catalytic site of the 
enzyme


• For similar size amino acids, the covalent linkage can 
happen


• Further tested in the editing site - if it fits, it is not the right 
amino-acid


• The enzymes also need to recognize the anticodons of 
the tRNA
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group), is very di!cult to achieve in a single step. A second discrimination step 
occurs after the amino acid has been covalently linked to AMP (see Figure 6–54): 
when tRNA binds, the synthetase tries to force the adenylated amino acid into 
a second editing pocket in the enzyme. "e precise dimensions of this pocket 
exclude the correct amino acid, while allowing access by closely related amino 
acids. In the editing pocket, an amino acid is removed from the AMP (or from the 
tRNA itself if the aminoacyl-tRNA bond has already formed) by hydrolysis. "is 
hydrolytic editing, which is analogous to the exonucleolytic proofreading by DNA 
polymerases, increases the overall accuracy of tRNA charging to approximately 
one mistake in 40,000 couplings (Figure 6–57).

"e tRNA synthetase must also recognize the correct set of tRNAs, and exten-
sive structural and chemical complementarity between the synthetase and the 
tRNA allows the synthetase to probe various features of the tRNA (Figure 6–58). 
Most tRNA synthetases directly recognize the matching tRNA anticodon; these 
synthetases contain three adjacent nucleotide-binding pockets, each of which is 
complementary in shape and charge to a nucleotide in the anticodon. For other 
synthetases, the nucleotide sequence of the amino acid-accepting arm (acceptor 
stem) is the key recognition determinant. In most cases, however, the synthetase 
“reads” the nucleotides at several di#erent positions on the tRNA.

Amino Acids Are Added to the C-terminal End of a Growing 
Polypeptide Chain
Having seen that each amino acid is $rst coupled to speci$c tRNA molecules, we 
now turn to the mechanism that joins these amino acids together to form proteins. 
"e fundamental reaction of protein synthesis is the formation of a peptide bond 
between the carboxyl group at the end of a growing polypeptide chain and a free 
amino group on an incoming amino acid. Consequently, a protein is synthesized 
stepwise from its N-terminal end to its C-terminal end. "roughout the entire 
process, the growing carboxyl end of the polypeptide chain remains activated 
by its covalent attachment to a tRNA molecule (forming a peptidyl-tRNA). Each 
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Figure 6–57 Hydrolytic editing.  
(A) Aminoacyl tRNA synthetases correct 
their own coupling errors through hydrolytic 
editing of incorrectly attached amino acids. 
As described in the text, the correct amino 
acid is rejected by the editing site.  
(B) The error-correction process performed 
by DNA polymerase has similarities; 
however, it differs because the removal 
process depends strongly on a mispairing 
with the template (see Figure 5–8).  
(P, polymerization site; E, editing site.)

Figure 6–58 The recognition of a 
tRNA molecule by its aminoacyl-tRNA 
synthetase. For this tRNA (tRNAGln), 
specific nucleotides in both the anticodon 
(dark blue) and the amino acid-accepting 
arm (green) allow the correct tRNA to be 
recognized by the synthetase enzyme 
(yellow-green). A bound ATP molecule is 
yellow. (Courtesy of Tom Steitz;  
PDB code: 1QRS.)
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group), is very di!cult to achieve in a single step. A second discrimination step 
occurs after the amino acid has been covalently linked to AMP (see Figure 6–54): 
when tRNA binds, the synthetase tries to force the adenylated amino acid into 
a second editing pocket in the enzyme. "e precise dimensions of this pocket 
exclude the correct amino acid, while allowing access by closely related amino 
acids. In the editing pocket, an amino acid is removed from the AMP (or from the 
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polymerases, increases the overall accuracy of tRNA charging to approximately 
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"e tRNA synthetase must also recognize the correct set of tRNAs, and exten-
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tRNA allows the synthetase to probe various features of the tRNA (Figure 6–58). 
Most tRNA synthetases directly recognize the matching tRNA anticodon; these 
synthetases contain three adjacent nucleotide-binding pockets, each of which is 
complementary in shape and charge to a nucleotide in the anticodon. For other 
synthetases, the nucleotide sequence of the amino acid-accepting arm (acceptor 
stem) is the key recognition determinant. In most cases, however, the synthetase 
“reads” the nucleotides at several di#erent positions on the tRNA.

Amino Acids Are Added to the C-terminal End of a Growing 
Polypeptide Chain
Having seen that each amino acid is $rst coupled to speci$c tRNA molecules, we 
now turn to the mechanism that joins these amino acids together to form proteins. 
"e fundamental reaction of protein synthesis is the formation of a peptide bond 
between the carboxyl group at the end of a growing polypeptide chain and a free 
amino group on an incoming amino acid. Consequently, a protein is synthesized 
stepwise from its N-terminal end to its C-terminal end. "roughout the entire 
process, the growing carboxyl end of the polypeptide chain remains activated 
by its covalent attachment to a tRNA molecule (forming a peptidyl-tRNA). Each 
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Since the structure of DNA was discovered in the early 1950s, progress in cell and 
molecular biology has been astounding. We now know the complete genome 
sequences for thousands of di!erent organisms, revealing fascinating details of 
their biochemistry as well as important clues as to how these organisms evolved. 
Complete genome sequences have also been obtained for thousands of individ-
ual humans, as well as for a few of our now-extinct relatives, such as the Neander-
thals. Knowing the maximum amount of information that is required to produce 
a complex organism like ourselves puts constraints on the biochemical and struc-
tural features of cells and makes it clear that biology is not in"nitely complex. 

As discussed in Chapter 1, the DNA in genomes does not direct protein synthe-
sis itself, but instead uses RNA as an intermediary. When the cell needs a particu-
lar protein, the nucleotide sequence of the appropriate portion of the immensely 
long DNA molecule in a chromosome is "rst copied into RNA (a process called 
transcription). It is these RNA copies of segments of the DNA that are used directly 
as templates to direct the synthesis of the protein (a process called translation). 
#e $ow of genetic information in cells is therefore from DNA to RNA to protein 
(Figure 6–1). All cells, from bacteria to humans, express their genetic informa-
tion in this way—a principle so fundamental that it is termed the central dogma 
of molecular biology. Despite the universality of the central dogma of molecular 
biology, there are important variations between organisms in the way in which 
information $ows from DNA to protein. Principal among these is that RNA tran-
scripts in eukaryotic cells are subject to a series of processing steps in the nucleus, 
including RNA splicing, before they are permitted to exit from the nucleus and be 
translated into protein. As we discuss in this chapter, these processing steps can 
critically change the “meaning” of an RNA molecule and are therefore crucial for 
understanding how eukaryotic cells read their genome.

Although we focus on the production of the proteins encoded by the genome 
in this chapter, we see that for many genes, RNA is the "nal product. Like pro-
teins, some of these RNAs fold into precise three-dimensional structures that have 
structural and catalytic roles in the cell. Other RNAs, as we discuss in the next 
chapter, act primarily as regulators of gene expression. But the roles of many non-
coding RNAs are not yet known.

One might have predicted that the information present in genomes would 
be arranged in an orderly fashion, resembling a dictionary or a telephone direc-
tory. But it turns out that the genomes of most multicellular organisms are sur-
prisingly disorderly, re$ecting their chaotic evolutionary histories. #e genes in 
these organisms largely consist of a long string of alternating short exons and long 
introns, as discussed in Chapter 4 (see Figure 4–15D). Moreover, small bits of DNA 
sequence that code for protein are interspersed with large blocks of seemingly 
meaningless DNA. Some sections of the genome contain many genes and oth-
ers lack genes altogether. Proteins that work closely with one another in the cell 
often have their genes located on di!erent chromosomes, and adjacent genes typ-
ically encode proteins that have little to do with each other in the cell. Decoding 
genomes is therefore no simple matter. Even with the aid of powerful computers, 
it is di%cult for researchers to locate de"nitively the beginning and end of genes, 
much less to decipher when and where each gene is expressed in the life of the 
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• Formation of a peptide bond between the carboxyl group at the end of a growing polypeptide chain and a free 
incoming amino acid (assembly from N-terminal to C-terminal)

Polypeptide chain

340 Chapter 6:  How Cells Read the Genome: From DNA to Protein

addition disrupts this high-energy covalent linkage, but immediately replaces it 
with an identical linkage on the most recently added amino acid (Figure 6–59). 
In this way, each amino acid added carries with it the activation energy for the 
addition of the next amino acid rather than the energy for its own addition—an 
example of the “head growth” type of polymerization described in Figure 2–44.

The RNA Message Is Decoded in Ribosomes
!e synthesis of proteins is guided by information carried by mRNA molecules. To 
maintain the correct reading frame and to ensure accuracy (about 1 mistake every 
10,000 amino acids), protein synthesis is performed in the ribosome, a complex 
catalytic machine made from more than 50 di"erent proteins (the ribosomal  
proteins) and several RNA molecules, the ribosomal RNAs (rRNAs). A typical 
eukaryotic cell contains millions of ribosomes in its cytoplasm (Figure 6–60). !e 
large and small ribosome subunits are assembled at the nucleolus, where newly 
transcribed and modi#ed rRNAs associate with the ribosomal proteins that have 
been transported into the nucleus after their synthesis in the cytoplasm. !ese two 
ribosomal subunits are then exported to the cytoplasm, where they join together 
to synthesize proteins. 
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Figure 6–60 Ribosomes in the cytoplasm 
of a eukaryotic cell. This electron 
micrograph shows a thin section of a small 
region of cytoplasm. The ribosomes appear 
as black dots (red arrows). Some are 
free in the cytosol; others are attached to 
membranes of the endoplasmic reticulum. 
(Courtesy of Daniel S. Friend.)

Figure 6–59 The incorporation of an amino acid into a protein. A polypeptide chain grows by the stepwise addition of amino 
acids to its C-terminal end. The formation of each peptide bond is energetically favorable because the growing C-terminus 
has been activated by the covalent attachment of a tRNA molecule. The peptidyl-tRNA linkage that activates the growing end 
is regenerated during each addition. The amino acid side chains have been abbreviated as R1, R2, R3, and R4; as a reference 
point, all of the atoms in the second amino acid in the polypeptide chain are shaded gray. The figure shows the addition of the 
fourth amino acid (red) to the growing chain.
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Since the structure of DNA was discovered in the early 1950s, progress in cell and 
molecular biology has been astounding. We now know the complete genome 
sequences for thousands of di!erent organisms, revealing fascinating details of 
their biochemistry as well as important clues as to how these organisms evolved. 
Complete genome sequences have also been obtained for thousands of individ-
ual humans, as well as for a few of our now-extinct relatives, such as the Neander-
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a complex organism like ourselves puts constraints on the biochemical and struc-
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transcription). It is these RNA copies of segments of the DNA that are used directly 
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#e $ow of genetic information in cells is therefore from DNA to RNA to protein 
(Figure 6–1). All cells, from bacteria to humans, express their genetic informa-
tion in this way—a principle so fundamental that it is termed the central dogma 
of molecular biology. Despite the universality of the central dogma of molecular 
biology, there are important variations between organisms in the way in which 
information $ows from DNA to protein. Principal among these is that RNA tran-
scripts in eukaryotic cells are subject to a series of processing steps in the nucleus, 
including RNA splicing, before they are permitted to exit from the nucleus and be 
translated into protein. As we discuss in this chapter, these processing steps can 
critically change the “meaning” of an RNA molecule and are therefore crucial for 
understanding how eukaryotic cells read their genome.

Although we focus on the production of the proteins encoded by the genome 
in this chapter, we see that for many genes, RNA is the "nal product. Like pro-
teins, some of these RNAs fold into precise three-dimensional structures that have 
structural and catalytic roles in the cell. Other RNAs, as we discuss in the next 
chapter, act primarily as regulators of gene expression. But the roles of many non-
coding RNAs are not yet known.

One might have predicted that the information present in genomes would 
be arranged in an orderly fashion, resembling a dictionary or a telephone direc-
tory. But it turns out that the genomes of most multicellular organisms are sur-
prisingly disorderly, re$ecting their chaotic evolutionary histories. #e genes in 
these organisms largely consist of a long string of alternating short exons and long 
introns, as discussed in Chapter 4 (see Figure 4–15D). Moreover, small bits of DNA 
sequence that code for protein are interspersed with large blocks of seemingly 
meaningless DNA. Some sections of the genome contain many genes and oth-
ers lack genes altogether. Proteins that work closely with one another in the cell 
often have their genes located on di!erent chromosomes, and adjacent genes typ-
ically encode proteins that have little to do with each other in the cell. Decoding 
genomes is therefore no simple matter. Even with the aid of powerful computers, 
it is di%cult for researchers to locate de"nitively the beginning and end of genes, 
much less to decipher when and where each gene is expressed in the life of the 
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• Perform protein synthesis (maintain the correct reading frame and ensure accuracy)


• Made of >50 proteins and ribosomal RNAs (rRNAs)


• Millions of ribosomes in the cytoplasm of a eukaryotic cell


• Consist of a large and small subunit, each assembled in the nucleus (nucleolus)


• The two subunits are exported to the cytoplasm, where they join on an mRNA molecule

Ribosomes
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Ribosomes  341

Eukaryotic and bacterial ribosomes have similar structures and functions, 
being composed of one large and one small subunit that !t together to form a 
complete ribosome with a mass of several million daltons (Figure 6–61). "e small 
subunit provides the framework on which the tRNAs are accurately matched to 
the codons of the mRNA, while the large subunit catalyzes the formation of the 
peptide bonds that link the amino acids together into a polypeptide chain (see 
Figure 6–58). 

When not actively synthesizing proteins, the two subunits of the ribosome 
are separate. "ey join together on an mRNA molecule, usually near its 5ʹ end, 
to initiate the synthesis of a protein. "e mRNA is then pulled through the ribo-
some, three nucleotides at a time. As its codons enter the core of the ribosome, the 
mRNA nucleotide sequence is translated into an amino acid sequence using the 
tRNAs as adaptors to add each amino acid in the correct sequence to the growing 
end of the polypeptide chain. When a stop codon is encountered, the ribosome 
releases the !nished protein, and its two subunits separate again. "ese subunits 
can then be used to start the synthesis of another protein on another mRNA mol-
ecule. Ribosomes operate with remarkable e#ciency: in one second, a eukaryotic 
ribosome adds 2 amino acids to a polypeptide chain; the ribosomes of bacterial 
cells operate even faster, at a rate of about 20 amino acids per second. 

To choreograph the many coordinated movements required for e#cient trans-
lation, a ribosome contains four binding sites for RNA molecules: one is for the 
mRNA and three (called the A site, the P site, and the E site) are for tRNAs (Figure 
6–62). A tRNA molecule is held tightly at the A and P sites only if its anticodon 
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Figure 6–61 A comparison of bacterial and eukaryotic ribosomes. Despite differences in the number and size of their 
rRNA and protein components, both bacterial and eukaryotic ribosomes have nearly the same structure and they function 
similarly. Although the 18S and 28S rRNAs of the eukaryotic ribosome contain many nucleotides not present in their bacterial 
counterparts, these nucleotides are present as multiple insertions that form extra domains and leave the basic structure of the 
rRNA largely unchanged. 
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Ribosomes

• 4 binding sites for RNA:


• 1 for mRNA


• 3 for tRNAs (A, P and E sites)


• a tRNA is kept in A and P sites if its anticodon forms 
base-pairs with a complementary codon


• A and P sites are close enough to accommodate 
adjacent codons (maintains the correct reading frame)

342 Chapter 6:  How Cells Read the Genome: From DNA to Protein

forms base pairs with a complementary codon (allowing for wobble) on the 
mRNA molecule that is threaded through the ribosome (Figure 6–63). !e A and 
P sites are close enough together for their two tRNA molecules to be forced to 
form base pairs with adjacent codons on the mRNA molecule. !is feature of the 
ribosome maintains the correct reading frame on the mRNA.

Once protein synthesis has been initiated, each new amino acid is added to the 
elongating chain in a cycle of reactions containing four major steps: tRNA binding 
(step 1), peptide bond formation (step 2), large subunit translocation (step 3), and 
small subunit translocation (step 4). As a result of the two translocation steps, the 
entire ribosome moves three nucleotides along the mRNA and is positioned to 
start the next cycle. Figure 6–64 illustrates this four-step process, beginning at a 
point at which three amino acids have already been linked together and there is a 
tRNA molecule in the P site on the ribosome, covalently joined to the C-terminal 
end of the short polypeptide. In step 1, a tRNA carrying the next amino acid in the 
chain binds to the ribosomal A site by forming base pairs with the mRNA codon 
positioned there, so that the P site and the A site contain adjacent bound tRNAs. In 
step 2, the carboxyl end of the polypeptide chain is released from the tRNA at the 
P site (by breakage of the high-energy bond between the tRNA and its amino acid) 

(A) (B)

(C)

E P A

E site P site A site

mRNA-
binding site

large
ribosomal
subunit

small
ribosomal
subunit

(D)

90˚
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large subunit small subunit

Figure 6–62 The RNA-binding sites in the ribosome. Each ribosome has one binding site for mRNA and three binding sites 
for tRNA: the A, P, and E sites (short for aminoacyl-tRNA, peptidyl-tRNA, and exit, respectively). (A) A bacterial ribosome viewed 
with the small subunit in the front (dark green) and the large subunit in the back (light green). Both the rRNAs and the ribosomal 
proteins are illustrated. tRNAs are shown bound in the E site (red), the P site (orange), and the A site (yellow). Although all three 
tRNA sites are shown occupied here, during the process of protein synthesis not more than two of these sites are thought to 
contain tRNA molecules at any one time (see Figure 6–64). (B) Large and small ribosomal subunits arranged as though the 
ribosome in (A) were opened like a book. (C) The ribosome in (A) rotated through 90° and viewed with the large subunit on top 
and small subunit on the bottom. (D) Schematic representation of a ribosome [in the same orientation as (C)], which will be used 
in subsequent figures. (A, B, and C, adapted from M.M. Yusupov et al., Science 292:883–896, 2001. With permission from 
AAAS; courtesy of Albion Baucom and Harry Noller.)
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Protein synthesis

 Step 1: tRNA binding


 Step 2: peptide bond formation by the peptidyl 
transferase in the large subunit


 Step 3: large subunit translocation


 Step 4: small subunit translocation
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and joined to the free amino group of the amino acid linked to the tRNA at the A 
site, forming a new peptide bond. !is central reaction of protein synthesis is cat-
alyzed by a peptidyl transferase contained in the large ribosomal subunit. In step 
3, the large subunit moves relative to the mRNA held by the small subunit, thereby 
shifting the acceptor stems of the two tRNAs to the E and P sites of the large sub-
unit. In step 4, another series of conformational changes moves the small subunit 
and its bound mRNA exactly three nucleotides, ejecting the spent tRNA from the E 
site and resetting the ribosome so it is ready to receive the next aminoacyl-tRNA. 
Step 1 is then repeated with a new incoming aminoacyl-tRNA, and so on.

!is four-step cycle is repeated each time an amino acid is added to the poly-
peptide chain, as the chain grows from its amino to its carboxyl end.

Elongation Factors Drive Translation Forward and Improve Its 
Accuracy
!e basic cycle of polypeptide elongation shown in outline in Figure 6–64 has an 
additional feature that makes translation especially e"cient and accurate. Two 
elongation factors enter and leave the ribosome during each cycle, each hydro-
lyzing GTP to GDP and undergoing conformational changes in the process. !ese 
factors are called EF-Tu and EF-G in bacteria, and EF1 and EF2 in eukaryotes. 
Under some conditions in vitro, ribosomes can be forced to synthesize proteins 
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Figure 6–63 The path of mRNA (blue) 
through the small ribosomal subunit. The 
orientation is the same as that in the right-
hand panel of Figure 6–62B. (Courtesy 
of Harry F. Noller, based on data in G.Z. 
Yusupova et al., Cell 106:233–241, 2001. 
With permission from Elsevier.)

Figure 6–64 Translating an mRNA molecule. Each amino acid added to 
the growing end of a polypeptide chain is selected by complementary base-
pairing between the anticodon on its attached tRNA molecule and the next 
codon on the mRNA chain. Because only one of the many types of tRNA 
molecules in a cell can base-pair with each codon, the codon determines 
the specific amino acid to be added to the growing polypeptide chain. The 
four-step cycle shown is repeated over and over during the synthesis of a 
protein. In step 1, an aminoacyl-tRNA molecule binds to a vacant A site on 
the ribosome. In step 2, a new peptide bond is formed. In step 3, the large 
subunit translocates relative to the small subunit, leaving the two tRNAs in 
hybrid sites: P on the large subunit and A on the small, for one; E on the 
large subunit and P on the small, for the other. In step 4, the small subunit 
translocates carrying its mRNA a distance of three nucleotides through the 
ribosome. This “resets” the ribosome with a fully empty A site, ready for the 
next aminoacyl-tRNA molecule to bind. As indicated, the mRNA is translated 
in the 5ʹ-to-3ʹ direction, and the N-terminal end of a protein is made first, with 
each cycle adding one amino acid to the C-terminus of the polypeptide chain 
(Movie 6.7 and Movie 6.8).
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and joined to the free amino group of the amino acid linked to the tRNA at the A 
site, forming a new peptide bond. !is central reaction of protein synthesis is cat-
alyzed by a peptidyl transferase contained in the large ribosomal subunit. In step 
3, the large subunit moves relative to the mRNA held by the small subunit, thereby 
shifting the acceptor stems of the two tRNAs to the E and P sites of the large sub-
unit. In step 4, another series of conformational changes moves the small subunit 
and its bound mRNA exactly three nucleotides, ejecting the spent tRNA from the E 
site and resetting the ribosome so it is ready to receive the next aminoacyl-tRNA. 
Step 1 is then repeated with a new incoming aminoacyl-tRNA, and so on.

!is four-step cycle is repeated each time an amino acid is added to the poly-
peptide chain, as the chain grows from its amino to its carboxyl end.

Elongation Factors Drive Translation Forward and Improve Its 
Accuracy
!e basic cycle of polypeptide elongation shown in outline in Figure 6–64 has an 
additional feature that makes translation especially e"cient and accurate. Two 
elongation factors enter and leave the ribosome during each cycle, each hydro-
lyzing GTP to GDP and undergoing conformational changes in the process. !ese 
factors are called EF-Tu and EF-G in bacteria, and EF1 and EF2 in eukaryotes. 
Under some conditions in vitro, ribosomes can be forced to synthesize proteins 
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Figure 6–63 The path of mRNA (blue) 
through the small ribosomal subunit. The 
orientation is the same as that in the right-
hand panel of Figure 6–62B. (Courtesy 
of Harry F. Noller, based on data in G.Z. 
Yusupova et al., Cell 106:233–241, 2001. 
With permission from Elsevier.)

Figure 6–64 Translating an mRNA molecule. Each amino acid added to 
the growing end of a polypeptide chain is selected by complementary base-
pairing between the anticodon on its attached tRNA molecule and the next 
codon on the mRNA chain. Because only one of the many types of tRNA 
molecules in a cell can base-pair with each codon, the codon determines 
the specific amino acid to be added to the growing polypeptide chain. The 
four-step cycle shown is repeated over and over during the synthesis of a 
protein. In step 1, an aminoacyl-tRNA molecule binds to a vacant A site on 
the ribosome. In step 2, a new peptide bond is formed. In step 3, the large 
subunit translocates relative to the small subunit, leaving the two tRNAs in 
hybrid sites: P on the large subunit and A on the small, for one; E on the 
large subunit and P on the small, for the other. In step 4, the small subunit 
translocates carrying its mRNA a distance of three nucleotides through the 
ribosome. This “resets” the ribosome with a fully empty A site, ready for the 
next aminoacyl-tRNA molecule to bind. As indicated, the mRNA is translated 
in the 5ʹ-to-3ʹ direction, and the N-terminal end of a protein is made first, with 
each cycle adding one amino acid to the C-terminus of the polypeptide chain 
(Movie 6.7 and Movie 6.8).
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Elongation factors

• Make translation more efficient and accurate


• EF1 and EF2 in eukaryotes; EF-Tu and EF-G in bacteria

Process Molecule 
Produced Machinery Purpose of Elongation Factors

Transcription RNA (from 
DNA)

RNA 
polymerase

Help RNA polymerase move along DNA and add 
ribonucleotides efficiently

Translation Protein (from 
mRNA) Ribosome Help the ribosome add amino acids to a growing 

polypeptide efficiently
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Where to start protein synthesis?

• Important as it sets the reading frame for the whole protein


• Starts with at AUG codon and a special tRNA to start translation, which carries methionine


• All proteins start with methionine


• The special tRNA is recognised by initiation factors
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Reading frames
• An open reading frame (ORF) is a continuous stretch of codons in DNA or mRNA that can potentially be translated into 
a protein (no premature stop codons)


• It begins with a start codon (usually AUG) and ends with a stop codon (UAA, UAG, or UGA).


•There are three possible reading frames on each strand of DNA (depending on where you start reading).


•For double-stranded DNA, that makes six possible reading frames total (three on each strand).

•
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Where to start protein synthesis?

• In bacteria, no cap but a specific ribosomal binding site (called the Shine-Dalgarno sequence)


• This sequence is recognised by the 16S rRNA, which positions the ribosomes properly to read the first AUG


• Bacterial mRNAs are often polycistronic (i.e. they contain multiple genes that will produce different proteins)

  349

During translation, the nascent polypeptide moves through a large, water-!lled 
tunnel (approximately 10 nm × 1.5 nm) in the large subunit of the ribosome. #e 
walls of this tunnel, made primarily of 23S rRNA, are a patchwork of tiny hydro-
phobic surfaces embedded in a more extensive hydrophilic surface. #is struc-
ture is not complementary to any peptide, and thus provides a “Te$on” coating 
through which a polypeptide chain can easily slide. #e dimensions of the tunnel 
suggest that nascent proteins are largely unstructured as they pass through the 
ribosome, although some α-helical regions of the protein can form before leaving 
the ribosome tunnel. As it leaves the ribosome, a newly synthesized protein must 
fold into its proper three-dimensional conformation to be useful to the cell. Later 
in this chapter we discuss how this folding occurs. First, however, we describe sev-
eral additional aspects of the translation process itself.

Proteins Are Made on Polyribosomes
#e synthesis of most protein molecules takes between 20 seconds and several 
minutes. During this very short period, however, it is usual for multiple initiations 
to take place on each mRNA molecule being translated. As soon as the preceding 
ribosome has translated enough of the nucleotide sequence to move out of the 
way, the 5ʹ end of the mRNA is threaded into a new ribosome. #e mRNA mole-
cules being translated are therefore usually found in the form of polyribosomes (or 
polysomes): large cytoplasmic assemblies made up of several ribosomes spaced 
as close as 80 nucleotides apart along a single mRNA molecule (Figure 6–73). 
#ese multiple initiations allow the cell to make many more protein molecules in 
a given time than would be possible if each protein had to be completed before 
the next could start.

Both bacteria and eukaryotes use polysomes, and both employ additional 
strategies to speed up the overall rate of protein synthesis. Because bacterial 
mRNA does not need to be processed and is accessible to ribosomes while it is 
being made, ribosomes can attach to the free end of a bacterial mRNA molecule 
and start translating it even before the transcription of that RNA is complete, fol-
lowing closely behind the RNA polymerase as it moves along DNA. In eukaryotes, 
as we have seen, the 5ʹ and 3ʹ ends of the mRNA interact (see Figure 6–73A); there-
fore, as soon as a ribosome dissociates, its two subunits are in an optimal position 
to reinitiate translation on the same mRNA molecule.

There Are Minor Variations in the Standard Genetic Code
As discussed in Chapter 1, the genetic code (shown in Figure 6–48) applies to 
all three major branches of life, providing important evidence for the common 
ancestry of all life on Earth. Although rare, there are exceptions to this code. For 
example, Candida albicans, the most prevalent human fungal pathogen, trans-
lates the codon CUG as serine, whereas nearly all other organisms translate it 
as leucine. Mitochondria (which have their own genomes and encode much of 
their translational apparatus) often deviate from the standard code. For example, 
in mammalian mitochondria AUA is translated as methionine, whereas in the 
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Figure 6–71 Structure of a typical bacterial mRNA molecule. Unlike eukaryotic ribosomes, 
which typically require a capped 5ʹ end on the mRNA, prokaryotic ribosomes initiate translation 
at ribosome-binding sites (Shine–Dalgarno sequences), which can be located anywhere along an 
mRNA molecule. This property of their ribosomes permits bacteria to synthesize more than one 
type of protein from a single mRNA molecule.

Figure 6–72 The final phase of protein 
synthesis. The binding of a release 
factor to an A site bearing a stop codon 
terminates translation. The completed 
polypeptide is released and, in a series of 
reactions that requires additional proteins 
and GTP hydrolysis (not shown), the 
ribosome dissociates into its two  
separate subunits.
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Where to stop protein synthesis?

• The end of the sequence is signalled by stop codons 
(UAA, UAG or UGA)


• No tRNA and amino-acid but signal to the ribosome to stop 
translation


• Binding of release factors
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During translation, the nascent polypeptide moves through a large, water-!lled 
tunnel (approximately 10 nm × 1.5 nm) in the large subunit of the ribosome. #e 
walls of this tunnel, made primarily of 23S rRNA, are a patchwork of tiny hydro-
phobic surfaces embedded in a more extensive hydrophilic surface. #is struc-
ture is not complementary to any peptide, and thus provides a “Te$on” coating 
through which a polypeptide chain can easily slide. #e dimensions of the tunnel 
suggest that nascent proteins are largely unstructured as they pass through the 
ribosome, although some α-helical regions of the protein can form before leaving 
the ribosome tunnel. As it leaves the ribosome, a newly synthesized protein must 
fold into its proper three-dimensional conformation to be useful to the cell. Later 
in this chapter we discuss how this folding occurs. First, however, we describe sev-
eral additional aspects of the translation process itself.

Proteins Are Made on Polyribosomes
#e synthesis of most protein molecules takes between 20 seconds and several 
minutes. During this very short period, however, it is usual for multiple initiations 
to take place on each mRNA molecule being translated. As soon as the preceding 
ribosome has translated enough of the nucleotide sequence to move out of the 
way, the 5ʹ end of the mRNA is threaded into a new ribosome. #e mRNA mole-
cules being translated are therefore usually found in the form of polyribosomes (or 
polysomes): large cytoplasmic assemblies made up of several ribosomes spaced 
as close as 80 nucleotides apart along a single mRNA molecule (Figure 6–73). 
#ese multiple initiations allow the cell to make many more protein molecules in 
a given time than would be possible if each protein had to be completed before 
the next could start.

Both bacteria and eukaryotes use polysomes, and both employ additional 
strategies to speed up the overall rate of protein synthesis. Because bacterial 
mRNA does not need to be processed and is accessible to ribosomes while it is 
being made, ribosomes can attach to the free end of a bacterial mRNA molecule 
and start translating it even before the transcription of that RNA is complete, fol-
lowing closely behind the RNA polymerase as it moves along DNA. In eukaryotes, 
as we have seen, the 5ʹ and 3ʹ ends of the mRNA interact (see Figure 6–73A); there-
fore, as soon as a ribosome dissociates, its two subunits are in an optimal position 
to reinitiate translation on the same mRNA molecule.

There Are Minor Variations in the Standard Genetic Code
As discussed in Chapter 1, the genetic code (shown in Figure 6–48) applies to 
all three major branches of life, providing important evidence for the common 
ancestry of all life on Earth. Although rare, there are exceptions to this code. For 
example, Candida albicans, the most prevalent human fungal pathogen, trans-
lates the codon CUG as serine, whereas nearly all other organisms translate it 
as leucine. Mitochondria (which have their own genomes and encode much of 
their translational apparatus) often deviate from the standard code. For example, 
in mammalian mitochondria AUA is translated as methionine, whereas in the 
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Figure 6–71 Structure of a typical bacterial mRNA molecule. Unlike eukaryotic ribosomes, 
which typically require a capped 5ʹ end on the mRNA, prokaryotic ribosomes initiate translation 
at ribosome-binding sites (Shine–Dalgarno sequences), which can be located anywhere along an 
mRNA molecule. This property of their ribosomes permits bacteria to synthesize more than one 
type of protein from a single mRNA molecule.

Figure 6–72 The final phase of protein 
synthesis. The binding of a release 
factor to an A site bearing a stop codon 
terminates translation. The completed 
polypeptide is released and, in a series of 
reactions that requires additional proteins 
and GTP hydrolysis (not shown), the 
ribosome dissociates into its two  
separate subunits.
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During translation, the nascent polypeptide moves through a large, water-!lled 
tunnel (approximately 10 nm × 1.5 nm) in the large subunit of the ribosome. #e 
walls of this tunnel, made primarily of 23S rRNA, are a patchwork of tiny hydro-
phobic surfaces embedded in a more extensive hydrophilic surface. #is struc-
ture is not complementary to any peptide, and thus provides a “Te$on” coating 
through which a polypeptide chain can easily slide. #e dimensions of the tunnel 
suggest that nascent proteins are largely unstructured as they pass through the 
ribosome, although some α-helical regions of the protein can form before leaving 
the ribosome tunnel. As it leaves the ribosome, a newly synthesized protein must 
fold into its proper three-dimensional conformation to be useful to the cell. Later 
in this chapter we discuss how this folding occurs. First, however, we describe sev-
eral additional aspects of the translation process itself.

Proteins Are Made on Polyribosomes
#e synthesis of most protein molecules takes between 20 seconds and several 
minutes. During this very short period, however, it is usual for multiple initiations 
to take place on each mRNA molecule being translated. As soon as the preceding 
ribosome has translated enough of the nucleotide sequence to move out of the 
way, the 5ʹ end of the mRNA is threaded into a new ribosome. #e mRNA mole-
cules being translated are therefore usually found in the form of polyribosomes (or 
polysomes): large cytoplasmic assemblies made up of several ribosomes spaced 
as close as 80 nucleotides apart along a single mRNA molecule (Figure 6–73). 
#ese multiple initiations allow the cell to make many more protein molecules in 
a given time than would be possible if each protein had to be completed before 
the next could start.

Both bacteria and eukaryotes use polysomes, and both employ additional 
strategies to speed up the overall rate of protein synthesis. Because bacterial 
mRNA does not need to be processed and is accessible to ribosomes while it is 
being made, ribosomes can attach to the free end of a bacterial mRNA molecule 
and start translating it even before the transcription of that RNA is complete, fol-
lowing closely behind the RNA polymerase as it moves along DNA. In eukaryotes, 
as we have seen, the 5ʹ and 3ʹ ends of the mRNA interact (see Figure 6–73A); there-
fore, as soon as a ribosome dissociates, its two subunits are in an optimal position 
to reinitiate translation on the same mRNA molecule.

There Are Minor Variations in the Standard Genetic Code
As discussed in Chapter 1, the genetic code (shown in Figure 6–48) applies to 
all three major branches of life, providing important evidence for the common 
ancestry of all life on Earth. Although rare, there are exceptions to this code. For 
example, Candida albicans, the most prevalent human fungal pathogen, trans-
lates the codon CUG as serine, whereas nearly all other organisms translate it 
as leucine. Mitochondria (which have their own genomes and encode much of 
their translational apparatus) often deviate from the standard code. For example, 
in mammalian mitochondria AUA is translated as methionine, whereas in the 
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Figure 6–71 Structure of a typical bacterial mRNA molecule. Unlike eukaryotic ribosomes, 
which typically require a capped 5ʹ end on the mRNA, prokaryotic ribosomes initiate translation 
at ribosome-binding sites (Shine–Dalgarno sequences), which can be located anywhere along an 
mRNA molecule. This property of their ribosomes permits bacteria to synthesize more than one 
type of protein from a single mRNA molecule.

Figure 6–72 The final phase of protein 
synthesis. The binding of a release 
factor to an A site bearing a stop codon 
terminates translation. The completed 
polypeptide is released and, in a series of 
reactions that requires additional proteins 
and GTP hydrolysis (not shown), the 
ribosome dissociates into its two  
separate subunits.
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Proteins are made on polyribosomes (=polysomes)
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cytosol of the cell it is translated as isoleucine (see Table 14–3, p. 805). !is type of 
deviation in the genetic code is “hardwired” into the organisms or the organelles 
in which it occurs. 

A di"erent type of variation, sometimes called translation recoding, occurs 
in many cells. In this case, other nucleotide sequence information present in an 
mRNA can change the meaning of the genetic code at a particular site in the mRNA 
molecule. !e standard code allows cells to manufacture proteins using only 20 
amino acids. However, bacteria, archaea, and eukaryotes have available to them a 
twenty-#rst amino acid that can be incorporated directly into a growing polypep-
tide chain through translation recoding. Selenocysteine, which is essential for the 
e$cient function of a variety of enzymes, contains a selenium atom in place of the 
sulfur atom of cysteine. Selenocysteine is enzymatically produced from a serine 
attached to a special tRNA molecule that base-pairs with the UGA codon, a codon 
normally used to signal a translation stop. !e mRNAs for proteins in which sele-
nocysteine is to be inserted at a UGA codon carry an additional nearby nucleotide 
sequence in the mRNA that triggers this recoding event (Figure 6–74). 

Figure 6–73 A polyribosome. (A) Schematic 
drawing showing how a series of ribosomes 
can simultaneously translate the same 
eukaryotic mRNA molecule. (B) Electron 
micrograph of a polyribosome from a 
eukaryotic cell (Movie 6.10). (B, courtesy  
of John Heuser.)
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Figure 6–74 Incorporation of selenocysteine into a growing polypeptide chain. A specialized tRNA is charged with serine by the normal seryl-
tRNA synthetase, and the serine is subsequently converted enzymatically to selenocysteine. A specific RNA structure in the mRNA (a stem and loop 
structure with a particular nucleotide sequence) signals that selenocysteine is to be inserted at the neighboring UGA codon. As indicated, this event 
requires the participation of a selenocysteine-specific translation factor. After the addition of selenocysteine, translation continues until a conventional 
stop codon is encountered.
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Inhibitors of Prokaryotic Protein Synthesis Are Useful as Antibiotics
Many of the most e!ective antibiotics used in modern medicine are compounds 
made by fungi that inhibit bacterial protein synthesis. Fungi and bacteria com-
pete for many of the same environmental niches, and millions of years of coevo-
lution have resulted in fungi producing potent bacterial inhibitors. Some of these 
drugs exploit the structural and functional di!erences between bacterial and 
eukaryotic ribosomes so as to interfere preferentially with the function of bacte-
rial ribosomes. "us, humans can take high dosages of some of these compounds 
without undue toxicity. Many antibiotics lodge in pockets in the ribosomal RNAs 
and simply interfere with the smooth operation of the ribosome; others block 
speci#c parts of the ribosome such as the exit channel (Figure 6–75). Table 6–4 
lists some common antibiotics of this kind along with several other inhibitors of 
protein synthesis, some of which act on eukaryotic cells and therefore cannot be 
used as antibiotics. 

Because they block speci#c steps in the processes that lead from DNA to 
protein, many of the compounds listed in Table 6–4 are useful for cell biological 
studies. Among the most commonly used drugs in such investigations are chlor-
amphenicol, cycloheximide, and puromycin, all of which speci#cally inhibit pro-
tein synthesis. In a eukaryotic cell, for example, chloramphenicol inhibits protein 
synthesis on ribosomes only in mitochondria (and in chloroplasts in plants), pre-
sumably re$ecting the prokaryotic origins of these organelles (discussed in Chap-
ter 14). Cycloheximide, in contrast, a!ects only ribosomes in the cytosol. Puromy-
cin is especially interesting because it is a structural analog of a tRNA molecule 
linked to an amino acid and is therefore another example of molecular mimicry; 
the ribosome mistakes it for an authentic amino acid and covalently incorporates 
it at the C-terminus of the growing peptide chain, thereby causing the premature 
termination and release of the polypeptide. As might be expected, puromycin 
inhibits protein synthesis in both prokaryotes and eukaryotes.

Quality Control Mechanisms Act to Prevent Translation of 
Damaged mRNAs
In eukaryotes, mRNA production involves both transcription and a series of elab-
orate RNA processing steps; as we have seen, these take place in the nucleus, 
segregated from ribosomes, and only when the processing is complete are the 
mRNAs transported to the cytosol to be translated (see Figure 6–38). However, 
this scheme is not foolproof, and some incorrectly processed mRNAs are inadver-
tently sent to the cytosol. In addition, mRNAs that were $awless when they left the 
nucleus can become broken or otherwise damaged in the cytosol. "e danger of 
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Figure 6–75 Binding sites for antibiotics 
on the bacterial ribosome. The small (left) 
and large (right) subunits of the ribosome 
are arranged as though the ribosome has 
been opened like a book. Antibiotic binding 
sites are marked with colored spheres, 
and the bound tRNA molecules are shown 
in purple (see Figure 6–62). Most of the 
antibiotics shown bind directly to pockets 
formed by the ribosomal RNA molecules. 
Hygromycin B induces errors in translation, 
spectinomycin blocks the translocation 
of the peptidyl-tRNA from the A site to 
the P site, and streptogramin B prevents 
elongation of nascent peptides. Table 6–4 
lists the inhibitory mechanisms of the other 
antibiotics shown in the figure. (Adapted 
from J. Poehlsgaard and S. Douthwaite, 
Nat. Rev. Microbiol. 3:870–881, 2005. With 
permission from Macmillan Publishers Ltd.)
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Since the structure of DNA was discovered in the early 1950s, progress in cell and 
molecular biology has been astounding. We now know the complete genome 
sequences for thousands of di!erent organisms, revealing fascinating details of 
their biochemistry as well as important clues as to how these organisms evolved. 
Complete genome sequences have also been obtained for thousands of individ-
ual humans, as well as for a few of our now-extinct relatives, such as the Neander-
thals. Knowing the maximum amount of information that is required to produce 
a complex organism like ourselves puts constraints on the biochemical and struc-
tural features of cells and makes it clear that biology is not in"nitely complex. 

As discussed in Chapter 1, the DNA in genomes does not direct protein synthe-
sis itself, but instead uses RNA as an intermediary. When the cell needs a particu-
lar protein, the nucleotide sequence of the appropriate portion of the immensely 
long DNA molecule in a chromosome is "rst copied into RNA (a process called 
transcription). It is these RNA copies of segments of the DNA that are used directly 
as templates to direct the synthesis of the protein (a process called translation). 
#e $ow of genetic information in cells is therefore from DNA to RNA to protein 
(Figure 6–1). All cells, from bacteria to humans, express their genetic informa-
tion in this way—a principle so fundamental that it is termed the central dogma 
of molecular biology. Despite the universality of the central dogma of molecular 
biology, there are important variations between organisms in the way in which 
information $ows from DNA to protein. Principal among these is that RNA tran-
scripts in eukaryotic cells are subject to a series of processing steps in the nucleus, 
including RNA splicing, before they are permitted to exit from the nucleus and be 
translated into protein. As we discuss in this chapter, these processing steps can 
critically change the “meaning” of an RNA molecule and are therefore crucial for 
understanding how eukaryotic cells read their genome.

Although we focus on the production of the proteins encoded by the genome 
in this chapter, we see that for many genes, RNA is the "nal product. Like pro-
teins, some of these RNAs fold into precise three-dimensional structures that have 
structural and catalytic roles in the cell. Other RNAs, as we discuss in the next 
chapter, act primarily as regulators of gene expression. But the roles of many non-
coding RNAs are not yet known.

One might have predicted that the information present in genomes would 
be arranged in an orderly fashion, resembling a dictionary or a telephone direc-
tory. But it turns out that the genomes of most multicellular organisms are sur-
prisingly disorderly, re$ecting their chaotic evolutionary histories. #e genes in 
these organisms largely consist of a long string of alternating short exons and long 
introns, as discussed in Chapter 4 (see Figure 4–15D). Moreover, small bits of DNA 
sequence that code for protein are interspersed with large blocks of seemingly 
meaningless DNA. Some sections of the genome contain many genes and oth-
ers lack genes altogether. Proteins that work closely with one another in the cell 
often have their genes located on di!erent chromosomes, and adjacent genes typ-
ically encode proteins that have little to do with each other in the cell. Decoding 
genomes is therefore no simple matter. Even with the aid of powerful computers, 
it is di%cult for researchers to locate de"nitively the beginning and end of genes, 
much less to decipher when and where each gene is expressed in the life of the 
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Protein folding

• Polypeptide chains must reach their 3D structure to be active as proteins


• All information needed is part of the sequence


• The protein core is typically hydrophobic


• Conformation with lowest free energy


• For some proteins, folding occurs as soon as the chain emerges from the ribosome

354 Chapter 6:  How Cells Read the Genome: From DNA to Protein

protein folds into a compact structure, it buries most of its hydrophobic residues 
in an interior core. In addition, large numbers of noncovalent interactions form 
between various parts of the molecule. It is the sum of all of these energetically 
favorable arrangements that determines the !nal folding pattern of the polypep-
tide chain—as the conformation of lowest free energy (see pp. 114–115).

"rough many millions of years of evolution, the amino acid sequence of each 
protein has been selected not only for the conformation that it adopts but also 
for an ability to fold rapidly. For some proteins, this folding begins immediately,  
as the protein chain emerges from the ribosome, starting from the N-terminal 
end. In these cases, as each protein domain emerges from the ribosome, within  
a few seconds it forms a compact structure that contains most of the !nal second-
ary features (α helices and β sheets) aligned in roughly the right conformation 
(Figure 6–78). For some protein domains, this unusually dynamic and #exible 
state, called a molten globule, is the starting point for a relatively slow process in 
which many side-chain adjustments occur that eventually form the correct ter-
tiary structure. It takes several minutes to synthesize a protein of average size, and 
for some proteins much of the folding process is complete by the time the ribo-
some releases the C-terminal end of a protein (Figure 6–79).

Molecular Chaperones Help Guide the Folding of Most Proteins
Most proteins probably do not fold correctly during their synthesis and require a 
special class of proteins called molecular chaperones to do so. Molecular chap-
erones are useful for cells because there are many di$erent folding paths avail-
able to an unfolded or partially folded protein. Without chaperones, some of these 
pathways would not lead to the correctly folded (and most stable) form because 
the protein would become “kinetically trapped” in structures that are o$-path-
way. Some of these o$-pathway con!gurations would aggregate and be left as irre-
versible dead ends of nonfunctional (and potentially dangerous) structures.
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Figure 6–77 Steps in the creation of a functional protein. As indicated, 
translation of an mRNA sequence into an amino acid sequence on the 
ribosome is not the end of the process of forming a protein. To function, the 
completed polypeptide chain must fold correctly into its three-dimensional 
conformation, bind any cofactors required, and assemble with its partner 
protein chains, if any. Noncovalent bond formation drives these changes. 
As indicated, many proteins also require covalent modifications of selected 
amino acids. Although the most frequent modifications are protein 
glycosylation and protein phosphorylation, over 200 different types of 
covalent modifications are known (see pp. 165–166).

Figure 6–78 The structure of a molten 
globule. (A) A molten globule form of 
cytochrome b562 is more open and less 
highly ordered than the final folded form 
of the protein, shown in (B). Note that 
the molten globule contains most of the 
secondary structure of the final form, 
although the ends of the α helices are 
unraveled and one of the helices is only 
partly formed. (Courtesy of Joshua Wand, 
from Y. Feng et al., Nat. Struct. Biol. 1:30–
35, 1994. With permission from Macmillan 
Publishers Ltd.)
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Molecular chaperones speci!cally recognize incorrect, o"-pathway con!gu-
rations by their exposure of hydrophobic surfaces, which in correctly folded pro-
teins are typically buried in the interior. #e binding of these exposed hydrophobic 
surfaces to each other is what causes o"-pathway conformations to irreversibly 
aggregate. We saw in Chapter 3 that in some cases of inherited human diseases, 
aggregates do form and can cause severe symptoms and even death. Chaperones 
prevent this from happening in normal proteins by binding to the exposed hydro-
phobic surfaces using hydrophobic surfaces of their own. As we shall see shortly, 
there are several types of chaperones; once bound to an incorrectly folded pro-
tein, they ultimately release it in a way that gives the protein another chance to 
fold correctly. 

Cells Utilize Several Types of Chaperones
Many molecular chaperones are called heat-shock proteins (designated hsp), 
because they are synthesized in dramatically increased amounts after a brief 
exposure of cells to an elevated temperature (for example, 42°C for cells that nor-
mally live at 37°C). #is re$ects the operation of a feedback system that responds 
to an increase in misfolded proteins (such as those produced by elevated tem-
peratures) by boosting the synthesis of the chaperones that help these proteins 
refold.

#ere are several major families of molecular chaperones, including the hsp60 
and hsp70 proteins. Di"erent members of these families function in di"erent 
organelles. #us, as discussed in Chapter 12, mitochondria contain their own 
hsp60 and hsp70 molecules that are distinct from those that function in the cyto-
sol; and a special hsp70 (called BIP) helps to fold proteins in the endoplasmic 
reticulum.

#e hsp60 and hsp70 proteins each work with their own small set of associ-
ated proteins when they help other proteins to fold. #ese hsps share an a%nity 
for the exposed hydrophobic patches on incompletely folded proteins, and they 
hydrolyze ATP, often binding and releasing their protein substrate with each cycle 
of ATP hydrolysis. In other respects, the two types of hsp proteins function di"er-
ently. #e hsp70 machinery acts early in the life of many proteins (often before 
the protein leaves the ribosome), with each monomer of hsp70 binding to a string 
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Figure 6–79 Co-translational protein folding. A growing polypeptide chain is shown acquiring 
its secondary and tertiary structure as it emerges from a ribosome. The N-terminal domain folds 
first, while the C-terminal domain is still being synthesized. This protein has not achieved its final 
conformation at the time it is released from the ribosome. (Modified from A.N. Fedorov and  
T.O. Baldwin, J. Biol. Chem. 272:32715–32718, 1997.)
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Molecular chaperones

• All the information needed for proteins to get to their 3D structure is encoded in their AA sequence 


• Yet, some proteins require the help of molecular chaperones to properly get to their folding and would otherwise 
aggregate


• Chaperones recognise incorrect folding by exposure of hydrophobic surfaces


• They are also called heat shock proteins (hsp), as they were discovered because they are overexpressed during 
heat shock


• Major families are Hsp60 and Hsp70 + associates


• Use ATP to bind and release unfolded proteins
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of about four or !ve hydrophobic amino acids (Figure 6–80). On binding ATP, 
hsp70 releases the protein into solution allowing it a chance to re-fold. In contrast, 
hsp60-like proteins form a large barrel-shaped structure that acts after a protein 
has been fully synthesized. "is type of chaperone, sometimes called a chapero-
nin, forms an “isolation chamber” for the folding process (Figure 6–81). 

To enter a chamber, a substrate protein is !rst captured via the hydropho-
bic entrance to the chamber. "e protein is then released into the interior of the 
chamber, which is lined with hydrophilic surfaces, and the chamber is sealed 
with a lid, a step requiring ATP. Here, the substrate is allowed to fold into its !nal 
conformation in isolation, where there are no other proteins with which to aggre-
gate. When ATP is hydrolyzed, the lid pops o#, and the substrate protein, whether 
folded or not, is released from the chamber.

"e chaperones shown in Figures 6–80 and 6–81 often need many cycles of 
ATP hydrolysis to fold a single polypeptide chain correctly. "is energy is used 
to perform mechanical movements of the hsp60 and hsp70 “machines,” convert-
ing them from binding forms to releasing forms. Just as we saw for transcription, 
splicing, and translation, the expenditure of free energy can be used by cells to 
improve the accuracy of a biological process. In the case of protein folding, ATP 
hydrolysis allows chaperones to recognize a wide variety of misfolded structures, 
to halt any further misfolding, and to recommence the folding of a protein in an 
orderly way.
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Figure 6–80 The hsp70 family of 
molecular chaperones. These proteins 
act early, recognizing a small stretch of 
hydrophobic amino acids on a protein’s 
surface. Aided by a set of smaller hsp40 
proteins (not shown), ATP-bound hsp70 
molecules grasp their target protein and 
then hydrolyze ATP to ADP, undergoing 
conformational changes that cause the 
hsp70 molecules to associate even more 
tightly with the target. After the hsp40 
dissociates, the rapid rebinding of ATP 
induces the dissociation of the hsp70 
protein after ADP release. Repeated cycles 
of hsp binding and release help the target 
protein to refold.

Figure 6–81 The structure and function of the hsp60 family of molecular chaperones. (A) A 
misfolded protein is initially captured by hydrophobic interactions with the exposed surface of the 
opening. The initial binding often helps to unfold a misfolded protein. The subsequent binding of ATP 
and a cap releases the substrate protein into an enclosed space, where it has a new opportunity to 
fold. After about 10 seconds, ATP hydrolysis occurs, weakening the binding of the cap. Subsequent 
binding of additional ATP molecules ejects the cap, and the protein is released. As indicated, only 
half of the symmetric barrel operates on a client protein at any one time. This type of molecular 
chaperone is also known as a chaperonin; it is designated as hsp60 in mitochondria, TCP1 in the 
cytosol of vertebrate cells, and GroEL in bacteria. (B) The structure of GroEL bound to its GroES cap, 
as determined by x-ray crystallography. On the left is shown the outside of the barrel-like structure, 
and on the right a cross section through its center. (B, adapted from B. Bukau and A.L. Horwich, Cell 
92:351–366, 1998. With permission from Elsevier.)
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Hsp60

• Acts when the whole protein is synthesized


• Isolation chamber for the folding process
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of about four or !ve hydrophobic amino acids (Figure 6–80). On binding ATP, 
hsp70 releases the protein into solution allowing it a chance to re-fold. In contrast, 
hsp60-like proteins form a large barrel-shaped structure that acts after a protein 
has been fully synthesized. "is type of chaperone, sometimes called a chapero-
nin, forms an “isolation chamber” for the folding process (Figure 6–81). 

To enter a chamber, a substrate protein is !rst captured via the hydropho-
bic entrance to the chamber. "e protein is then released into the interior of the 
chamber, which is lined with hydrophilic surfaces, and the chamber is sealed 
with a lid, a step requiring ATP. Here, the substrate is allowed to fold into its !nal 
conformation in isolation, where there are no other proteins with which to aggre-
gate. When ATP is hydrolyzed, the lid pops o#, and the substrate protein, whether 
folded or not, is released from the chamber.

"e chaperones shown in Figures 6–80 and 6–81 often need many cycles of 
ATP hydrolysis to fold a single polypeptide chain correctly. "is energy is used 
to perform mechanical movements of the hsp60 and hsp70 “machines,” convert-
ing them from binding forms to releasing forms. Just as we saw for transcription, 
splicing, and translation, the expenditure of free energy can be used by cells to 
improve the accuracy of a biological process. In the case of protein folding, ATP 
hydrolysis allows chaperones to recognize a wide variety of misfolded structures, 
to halt any further misfolding, and to recommence the folding of a protein in an 
orderly way.
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Figure 6–80 The hsp70 family of 
molecular chaperones. These proteins 
act early, recognizing a small stretch of 
hydrophobic amino acids on a protein’s 
surface. Aided by a set of smaller hsp40 
proteins (not shown), ATP-bound hsp70 
molecules grasp their target protein and 
then hydrolyze ATP to ADP, undergoing 
conformational changes that cause the 
hsp70 molecules to associate even more 
tightly with the target. After the hsp40 
dissociates, the rapid rebinding of ATP 
induces the dissociation of the hsp70 
protein after ADP release. Repeated cycles 
of hsp binding and release help the target 
protein to refold.

Figure 6–81 The structure and function of the hsp60 family of molecular chaperones. (A) A 
misfolded protein is initially captured by hydrophobic interactions with the exposed surface of the 
opening. The initial binding often helps to unfold a misfolded protein. The subsequent binding of ATP 
and a cap releases the substrate protein into an enclosed space, where it has a new opportunity to 
fold. After about 10 seconds, ATP hydrolysis occurs, weakening the binding of the cap. Subsequent 
binding of additional ATP molecules ejects the cap, and the protein is released. As indicated, only 
half of the symmetric barrel operates on a client protein at any one time. This type of molecular 
chaperone is also known as a chaperonin; it is designated as hsp60 in mitochondria, TCP1 in the 
cytosol of vertebrate cells, and GroEL in bacteria. (B) The structure of GroEL bound to its GroES cap, 
as determined by x-ray crystallography. On the left is shown the outside of the barrel-like structure, 
and on the right a cross section through its center. (B, adapted from B. Bukau and A.L. Horwich, Cell 
92:351–366, 1998. With permission from Elsevier.)
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Quality control choices
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Although our discussion focuses on only two types of chaperones, the cell has 
a variety of others. !e enormous diversity of proteins in cells presumably requires 
a wide range of chaperones with versatile surveillance and correction capabilities.

Exposed Hydrophobic Regions Provide Critical Signals for Protein 
Quality Control
If radioactive amino acids are added to cells for a brief period, the newly synthe-
sized proteins can be followed as they mature into their "nal functional forms. 
!is type of experiment demonstrates that the hsp70 proteins act "rst, beginning 
when a protein is still being synthesized on a ribosome, and the hsp60-like pro-
teins act only later to help fold completed proteins. We have seen that the cell dis-
tinguishes misfolded proteins, which require additional rounds of ATP-catalyzed 
refolding, from those with correct structures through the recognition of hydro-
phobic surfaces.

Usually, if a protein has a sizable exposed patch of hydrophobic amino acids 
on its surface, it is abnormal: it has either failed to fold correctly after leaving the 
ribosome, su#ered an accident that partly unfolded it at a later time, or failed to 
"nd its normal partner subunit in a larger protein complex. Such a protein is not 
merely useless to the cell, it can be dangerous. 

Proteins that rapidly fold correctly on their own do not display such patterns 
and generally bypass the chaperones. For the others, the chaperones can carry out 
“protein repair” by giving them additional chances to fold while, at the same time, 
preventing their aggregation.

Figure 6–82 outlines all of the quality-control choices that a cell makes for a 
di$cult-to-fold, newly synthesized protein. As indicated, when attempts to refold 
a protein fail, an additional mechanism is called into play that completely destroys 
the protein by proteolysis. !is proteolytic pathway begins with the recognition of 
an abnormal hydrophobic patch on a protein’s surface, and it ends with the deliv-
ery of the entire protein to a protein-destruction machine, a complex protease 
known as the proteasome. As described next, this process depends on an elab-
orate protein-marking system that also carries out other central functions in the 
cell by destroying selected normal proteins.

The Proteasome Is a Compartmentalized Protease with 
Sequestered Active Sites
!e proteolytic machinery and the chaperones compete with one another to rec-
ognize a misfolded protein. If a newly synthesized protein folds rapidly, at most 
only a small fraction of it is degraded. In contrast, a slowly folding protein is vul-
nerable to the proteolytic machinery for a longer time, and many more of its mol-
ecules may be destroyed before the remainder attain the proper folded state. Due 
to mutations or to errors in transcription, RNA splicing, and translation, some 
proteins never fold properly, and it is particularly important that the cell destroy 
these potentially harmful proteins.

!e apparatus that deliberately destroys aberrant proteins is the proteasome, 
an abundant ATP-dependent protease that constitutes nearly 1% of cell protein. 
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Figure 6–82 The processes that monitor 
protein quality following protein 
synthesis. A newly synthesized protein 
sometimes folds correctly and assembles 
on its own with its partner proteins, in 
which case the quality control mechanisms 
leave it alone. Incompletely folded proteins 
are helped to properly fold by molecular 
chaperones: first by a family of hsp70 
proteins, and then, in some cases, by 
hsp60-like proteins. For both types of 
chaperones, the substrate proteins are 
recognized by an abnormally exposed 
patch of hydrophobic amino acids on their 
surface. These “protein-rescue” processes 
compete with another mechanism that, 
upon recognizing an abnormally exposed 
hydrophobic patch, marks the protein 
for destruction by the proteasome. The 
combined activity of all of these processes 
is needed to prevent massive protein 
aggregation in a cell, which can occur 
when many hydrophobic regions on 
proteins clump together nonspecifically.
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Proteasome (only in eukaryotes)

• Large protein complex 


• Destroys aberrant proteins


• Present in many copies in the cytosol and nucleus
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Present in many copies dispersed throughout the cytosol and the nucleus, the 
proteasome also destroys aberrant proteins that have entered the endoplasmic 
reticulum (ER). In the latter case, an ER-based surveillance system detects pro-
teins that have failed either to fold or to be assembled properly after they enter the 
ER, and retrotranslocates them back to the cytosol for degradation by the protea-
some (discussed in Chapter 12). 

Each proteasome consists of a central hollow cylinder (the 20S core protea-
some) formed from multiple protein subunits that assemble as a stack of four hep-
tameric rings (Figure 6–83). Some of the subunits are proteases whose active sites 
face the cylinder’s inner chamber, thus preventing them from running rampant 
through the cell. Each end of the cylinder is normally associated with a large pro-
tein complex (the 19S cap) that contains a six-subunit protein ring through which 
target proteins are threaded into the proteasome core, where they are degraded 
(Figure 6–84). !e threading reaction, driven by ATP hydrolysis, unfolds the target 
proteins as they move through the cap, exposing them to the proteases lining the 
proteasome core (Figure 6–85). !e proteins that make up the ring structure in 
the proteasome cap belong to a large class of protein “unfoldases” known as AAA 
proteins. Many of them function as hexamers, and they share mechanistic fea-
tures with the ATP-dependent DNA helicases that unwind DNA (see Figure 5–14). 
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Figure 6–83 The proteasome. (A) A cut-
away view of the structure of the central 
20S cylinder, as determined by x-ray 
crystallography, with the active sites of the 
proteases indicated by red dots. (B) The 
entire proteasome, in which the central 
cylinder (yellow) is supplemented by a 
19S cap (blue) at each end. The complex 
cap (also called the regulatory particle) 
selectively binds proteins that have been 
marked by ubiquitin for destruction; it 
then uses ATP hydrolysis to unfold their 
polypeptide chains and feed them through 
a narrow channel (see Figure 6–85) into 
the inner chamber of the 20S cylinder for 
digestion to short peptides. (B, from  
W. Baumeister et al., Cell 92:367–380, 
1998. With permission from Elsevier.)
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Figure 6–84 Processive protein digestion by the proteasome. (A) The proteasome cap recognizes proteins marked by a 
polyubiquitin chain (see Figure 3–70), and subsequently translocates them into the proteasome core, where they are digested. At 
an early stage, the ubiquitin is cleaved from the substrate protein and is recycled. Translocation into the core of the proteasome 
is mediated by a ring of ATPases that unfold the substrate protein as it is threaded through the ring and into the proteasome 
core. This unfoldase ring is depicted in Figure 6–85). (B) Detailed structure of the proteasome cap. The cap includes a ubiquitin 
receptor, which holds a ubiquitylated protein in place while it begins to be pulled into the proteasome core, and a ubiquitin 
hydrolase, which cleaves ubiquitin from the doomed protein. (A, from S. Prakash and A. Matouschek, Trends Biochem. Sci. 
29:593–600, 2004. With permission from Elsevier. B, adapted from G.C. Lander et al., Nature 482:186–191, 2012.)
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Proteasome (only in eukaryotes)
• Central cylinder, with some proteins acting as proteases


• Target proteins are unfolded as they move through the cap (made of unfoldases), exposing them to proteases


• Destruction mark is the covalent attachement of the small protein ubiquitin


• Also allows to ensure the short lifetime of certain normal proteins (e.g. cell cycle)
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reticulum (ER). In the latter case, an ER-based surveillance system detects pro-
teins that have failed either to fold or to be assembled properly after they enter the 
ER, and retrotranslocates them back to the cytosol for degradation by the protea-
some (discussed in Chapter 12). 

Each proteasome consists of a central hollow cylinder (the 20S core protea-
some) formed from multiple protein subunits that assemble as a stack of four hep-
tameric rings (Figure 6–83). Some of the subunits are proteases whose active sites 
face the cylinder’s inner chamber, thus preventing them from running rampant 
through the cell. Each end of the cylinder is normally associated with a large pro-
tein complex (the 19S cap) that contains a six-subunit protein ring through which 
target proteins are threaded into the proteasome core, where they are degraded 
(Figure 6–84). !e threading reaction, driven by ATP hydrolysis, unfolds the target 
proteins as they move through the cap, exposing them to the proteases lining the 
proteasome core (Figure 6–85). !e proteins that make up the ring structure in 
the proteasome cap belong to a large class of protein “unfoldases” known as AAA 
proteins. Many of them function as hexamers, and they share mechanistic fea-
tures with the ATP-dependent DNA helicases that unwind DNA (see Figure 5–14). 
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Figure 6–83 The proteasome. (A) A cut-
away view of the structure of the central 
20S cylinder, as determined by x-ray 
crystallography, with the active sites of the 
proteases indicated by red dots. (B) The 
entire proteasome, in which the central 
cylinder (yellow) is supplemented by a 
19S cap (blue) at each end. The complex 
cap (also called the regulatory particle) 
selectively binds proteins that have been 
marked by ubiquitin for destruction; it 
then uses ATP hydrolysis to unfold their 
polypeptide chains and feed them through 
a narrow channel (see Figure 6–85) into 
the inner chamber of the 20S cylinder for 
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Figure 6–84 Processive protein digestion by the proteasome. (A) The proteasome cap recognizes proteins marked by a 
polyubiquitin chain (see Figure 3–70), and subsequently translocates them into the proteasome core, where they are digested. At 
an early stage, the ubiquitin is cleaved from the substrate protein and is recycled. Translocation into the core of the proteasome 
is mediated by a ring of ATPases that unfold the substrate protein as it is threaded through the ring and into the proteasome 
core. This unfoldase ring is depicted in Figure 6–85). (B) Detailed structure of the proteasome cap. The cap includes a ubiquitin 
receptor, which holds a ubiquitylated protein in place while it begins to be pulled into the proteasome core, and a ubiquitin 
hydrolase, which cleaves ubiquitin from the doomed protein. (A, from S. Prakash and A. Matouschek, Trends Biochem. Sci. 
29:593–600, 2004. With permission from Elsevier. B, adapted from G.C. Lander et al., Nature 482:186–191, 2012.)
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which directs the ubiquitylation of the protein and sends it to the proteasome 
for degradation. !us, the majority of human proteins carry their own signals for 
destruction. It has been proposed that when a protein is properly folded (and, 
before that, when it is in contact with a chaperone), this acetylated N-terminus is 
buried and therefore inaccessible to the E3 enzyme. According to this idea, as a 
protein ages and becomes damaged (or if it fails to fold correctly from the start), 
this destruction signal becomes exposed, and the protein is destroyed. 

There Are Many Steps From DNA to Protein
We have seen so far in this chapter that many di"erent types of chemical reactions 
are required to produce a properly folded protein from the information contained 
in a gene (Figure 6–87). !e #nal level of a properly folded protein in a cell there-
fore depends upon the e$ciency with which each of the many steps is performed. 
We also now know that the cell devotes enormous resources to selectively degrad-
ing proteins, particularly those that fail to fold properly or accumulate damage 
as they age. It is the balance between the rates of synthesis and degradation that 
determines the #nal amount of every protein in the cell.

In the following chapter, we shall see that cells have the ability to change the 
levels of their proteins according to their needs. In principle, any or all of the steps 
in Figure 6–87 could be regulated for each individual protein. As we shall see in 
Chapter 7, there are examples of regulation at each step from gene to protein. 
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Figure 6–87 The production of a protein 
by a eukaryotic cell. The final level of each 
protein in a eukaryotic cell depends upon 
the efficiency of each step depicted. 
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See you next week!
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