position each amino acid in the order prescribed, and the
ribosome adds that amino acid onto the growing polypeptide chain. The tRNA molecule is a translator in the sense
that, in the context of the ribosome, it can read a nucleic acid
word (the mRNA codon) and interpret it as a protein word
(the amino acid).
Like mRNA and other types of cellular RNA, transfer
RNA molecules are transcribed from DNA templates. In a
eukaryotic cell, tRNA, like mRNA, is made in the nucleus
and then travels to the cytoplasm, where it will participate
in the process of translation. In both bacterial and eukaryotic cells, each tRNA molecule is used repeatedly, picking
up its designated amino acid in the cytosol, depositing this
cargo onto a polypeptide chain at the ribosome, and then
leaving the ribosome, ready to pick up another of the same
amino acid.
The accurate translation of a genetic message requires
two instances of molecular recognition. First, a tRNA that
binds to an mRNA codon specifying a particular amino acid
must carry that amino acid, and no other, to the ribosome.
The correct matching up of tRNA and amino acid is carried
out by a family of related enzymes that are aptly named
aminoacyl-tRNA synthetases (Figure 17.17). The active
site of each type of aminoacyl-tRNA synthetase fits only a
specific combination of amino acid and tRNA. There are
20 different synthetases, one for each amino acid. A synthetase joins a given amino acid to an appropriate tRNA; one
synthetase is able to bind to all the different tRNAs for its
particular amino acid. The synthetase catalyzes the covalent attachment of the amino acid to its tRNA in a process
driven by the hydrolysis of ATP. The resulting aminoacyl
tRNA, also called a charged tRNA, is released from the
enzyme and is then available to deliver its amino acid to a
growing polypeptide chain on a ribosome.
The second instance of molecular recognition is the
pairing of the tRNA anticodon with the appropriate mRNA
codon. If one tRNA variety existed for each mRNA codon
specifying an amino acid, there would be 61 tRNAs (see
Figure 17.6). In bacteria, however, there are only about 45
tRNAs, signifying that some tRNAs must be able to bind to
more than one codon. Such versatility is possible because
the rules for base pairing between the third nucleotide base
of a codon and the corresponding base of a tRNA anticodon
are relaxed compared to those at other codon positions.
For example, the nucleotide base U at the 5¿ end of a tRNA
anticodon can pair with either A or G in the third position
(at the 3¿ end) of an mRNA codon. The flexible base pairing
at this codon position is called wobble. Wobble explains
why the synonymous codons for a given amino acid most
often differ in their third nucleotide base. Accordingly,
a tRNA with the anticodon 3¿-UCU-5¿ can base-pair with
either the mRNA codon 5¿-AGA-3¿ or 5¿-AGG-3¿, both of
which code for arginine (see Figure 17.6).

Figure 17.17 Aminoacyl-tRNA synthetases provide
specificity in joining amino acids to their tRNAs. Linkage of
a tRNA to its amino acid is an endergonic process that occurs at the
expense of ATP, which loses two phosphate groups, becoming AMP.
1 The amino acid
and the appropriate
tRNA enter the active
site of the specific
synthetase.

Tyrosine (Tyr)
(amino acid)
Tyrosyl-tRNA
synthetase (enzyme),
which can only bind
tyrosine and Tyr-tRNA

Tyr-tRNA

A U A

ATP

Anticodon on tRNA
complementary to the
Tyr codon on mRNA
2 Using ATP,
the synthetase
catalyzes the
covalent bonding
of the amino acid
to its specific tRNA.

3 The tRNA,
charged with
its amino acid,
is released by
the synthetase.

Aminoacyl-tRNA
synthetase

AMP + 2 P i

tRNA

Amino
acid

Computer model

Animation: Transfer RNA

The Structure and Function of Ribosomes
Ribosomes facilitate the specific coupling of tRNA anticodons
with mRNA codons during protein synthesis. A ribosome
consists of a large subunit and a small subunit, each made
up of proteins and one or more ribosomal RNAs (rRNAs).
In eukaryotes, the subunits are made in the nucleolus.
Ribosomal RNA genes are transcribed, and the RNA is processed and assembled with proteins imported from the cytoplasm. Completed ribosomal subunits are then exported via
nuclear pores to the cytoplasm. In both bacteria and eukaryotes, a large and a small subunit join to form a functional
ribosome only when attached to an mRNA molecule. About
one-third of the mass of a ribosome is made up of proteins;
the rest consists of three rRNA molecules (in bacteria) or four
(in eukaryotes). Because most cells contain thousands of
ribosomes, rRNA is the most abundant type of cellular RNA.
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Although the ribosomes of bacteria and eukaryotes are
very similar in structure and function, eukaryotic ribosomes
are slightly larger, as well as differing somewhat from bacterial ribosomes in their molecular composition. The differences are medically significant. Certain antibiotic drugs can
inactivate bacterial ribosomes without affecting eukaryotic
ribosomes. These drugs, including tetracycline and streptomycin, are used to combat bacterial infections.
The structure of a ribosome reflects its function of bringing mRNA together with tRNAs carrying amino acids. In
addition to a binding site for mRNA, each ribosome has three
binding sites for tRNA (Figure 17.18). The P site (peptidyltRNA binding site) holds the tRNA carrying the growing
polypeptide chain, while the A site (aminoacyl-tRNA binding site) holds the tRNA carrying the next amino acid to be
added to the chain. Discharged tRNAs leave the ribosome
from the E site (exit site). The ribosome holds the tRNA and
mRNA in close proximity and positions the new amino acid
so that it can be added to the carboxyl end of the growing
polypeptide. It then catalyzes the formation of the peptide
bond. As the polypeptide becomes longer, it passes through
an exit tunnel in the ribosome’s large subunit. When the polypeptide is complete, it is released through the exit tunnel.
The widely accepted model is that rRNAs, rather than ribosomal proteins, are primarily responsible for both the structure and the function of the ribosome. The proteins, which
are largely on the exterior, support the shape changes of the
rRNA molecules as they carry out catalysis during translation.
Ribosomal RNA is the main constituent of the A and P sites
and of the interface between the two subunits; it also acts
as the catalyst of peptide bond formation. Thus, a ribosome
could actually be considered one colossal ribozyme!

Building a Polypeptide
We can divide translation, the synthesis of a polypeptide, into
three stages: initiation, elongation, and termination. All three
require protein “factors” that aid in the translation process.
Some steps of initiation and elongation also require energy,
provided by the hydrolysis of guanosine triphosphate (GTP).

Figure 17.18 The anatomy of a functioning ribosome.

Growing
polypeptide

mRNA
Ribosome
TRANSLATION
Polypeptide

Exit tunnel
for growing
polypeptide

Large
subunit
E P
A
tRNA
molecules

Small
subunit
5′

3′

mRNA

(a) Computer model of functioning ribosome. This is a model of
a bacterial ribosome, showing its overall shape. The eukaryotic
ribosome is roughly similar. A ribosomal subunit is a complex
of ribosomal RNA molecules and proteins.
P site (peptidyl-tRNA
binding site)
Exit tunnel
A site (aminoacyltRNA binding site)

E site
(exit site)

E

P

A

mRNA
binding site

Large
subunit
Small
subunit

(b) Schematic model showing binding sites. A ribosome has an
mRNA binding site and three tRNA binding sites, known as the
A, P, and E sites. This schematic ribosome will appear in later
diagrams.
Amino end

Growing polypeptide

Carboxyl
end

Ribosome Association
and Initiation of Translation
In either bacteria or eukaryotes, the start codon (AUG) signals
the start of translation; this is important because it establishes
the codon reading frame for the mRNA. In the first step of
translation, a small ribosomal subunit binds to both the mRNA
and a specific initiator tRNA, which carries the amino acid
methionine. In bacteria, the small subunit can bind the two
in either order; it binds the mRNA at a specific RNA sequence,
just upstream of the AUG start codon. In the Scientific Skills
Exercise, you can work with DNA sequences encoding the ribosomal binding sites on the mRNAs of a group of Eschericia coli

DNA

TRANSCRIPTION

Next amino acid
to be added to
polypeptide chain
E

tRNA

mRNA

5′

3′
Codons

(c) Schematic model with mRNA and tRNA. A tRNA fits into a
binding site when its anticodon base-pairs with an mRNA
codon. The P site holds the tRNA attached to the growing
polypeptide. The A site holds the tRNA carrying the next amino
acid to be added to the polypeptide chain. Discharged tRNAs
leave from the E site. The polypeptide grows at its carboxyl end.
Animation: Ribosomes
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Ribosome binding site on mRNA
5′

INTERPRET THE DATA

IInterpreting
t rpr t ng a Sequence
S qu n e Logo
Log
go

1. In the sequence logo (bottom,
left), the horizontal axis shows the
primary sequence of the DNA by
nucleotide position. Letters for each base are stacked on top of each
other according to their relative frequency at that position among the
aligned sequences, with the most common base as the largest letter
at the top of the stack. The height of each letter represents the relative frequency of that base at that position. (a) In the sequence alignment, count the number of each base at position -9 and order them
from most to least frequent. Compare this to the size and placement
of each base at -9 in the logo. (b) Do the same for positions 0 and 1.
2. The height of a stack of letters in a logo indicates the predictive
power of that stack (determined statistically). If the stack is tall, we
can be more confident in predicting what base will be in that position if a new sequence is added to the logo. For example, at position 2
in the sequence alignment, all 10 sequences have a G; the probability of finding a G there in a new sequence is very high, as is the
stack in the sequence logo. For short stacks, the bases all have about
the same frequency, so it’s hard to predict a base at those positions.
(a) Looking at the sequence logo, which two positions have the most
predictable bases? What bases do you predict would be at those
positions in a newly sequenced gene? (b) Which 12 positions have
the least predictable bases? How do you know? How does this reflect
the relative frequencies of the bases shown at these positions in the
sequence alignment? Use the two leftmost positions of the 12 as
examples in your answer.
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similar base sequence where the ribosomes bind. Therefore, candidate ribosome binding sites on mRNA can be identified by comparing
DNA sequences (and thus the mRNA sequences) of multiple genes in
a species, searching the region upstream of the start codon for shared
(conserved) stretches of bases. In this exercise, you will analyze DNA
sequences from multiple such genes, represented by a visual graphic
called a sequence logo.

How the Experiment Was Done The DNA sequences of 149 genes
from the E. colii genome were aligned using computer software. The
aim was to identify similar base sequences—at the appropriate location in each gene—as potential ribosome binding sites. Rather than
presenting the data as a series of 149 sequences aligned in a column
(a sequence alignment), the researchers used a sequence logo.

Data from the Experiment To show how sequence logos are
made, the potential ribosome binding regions from 10 E. colii genes
are shown below in a sequence alignment, followed by the sequence
logo derived from the aligned sequences. Note that the DNA shown
is the nontemplate (coding) strand, which is how DNA sequences are
typically presented.

thrA
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3. In the actual experiment, the researchers used 149 sequences to build
their sequence logo, which is shown below. There is a stack at each
position, even if short, because the sequence logo includes more
data. (a) Which three positions in this sequence logo have the most
predictable bases? Name the most frequent base at each. (b) Which
four positions have the least predictable bases? How can you tell?
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4. A consensus sequence identifies the base occurring most often at
each position in the set of sequences. (a) Write out the consensus
sequence of this (the nontemplate) strand. In any position where
the base can’t be determined, put a dash. (b) Which provides more
information—the consensus sequence or the sequence logo? What
is lost in the less informative method?
5. (a) Based on the logo, what five adjacent base positions in the
5¿ UTR region are most likely to be involved in ribosome binding?
Explain. (b) What is represented by the bases in positions 0–2?
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Instructors: A version of this Scientific Skills Exercise can be
assigned in MasteringBiology.
Further Reading T. D. Schneider and R. M. Stephens, Sequence logos: A new way to
display consensus sequences, Nucleic Acids Research 18:6097–6100 (1990).
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genes. In eukaryotes, the small subunit,
Figure 17.19 The initiation of translation.
Animation: Initiation of Translation
with the initiator tRNA already bound,
binds to the 5¿ cap of the mRNA and then
moves, or scans, downstream along the
3′ U A C 5′
Large
L
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mRNA until it reaches the start codon; the
5′ A U G 3′
ribosomal
r
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subunit
s
initiator tRNA then hydrogen-bonds to
Pi
the AUG start codon.
+
Initiator tRNA
Thus, the first components to associGTP GDP
E
A
ate with each other during the initiation
mRNA
stage of translation are mRNA, a tRNA
5′
5′
3′
3′
bearing the first amino acid of the polyStart codon
Small
peptide, and the small ribosomal subunit
ribosomal
(KIWTG|17.19). This is followed by the
mRNA binding site
subunit
Translation initiation complex
attachment of a large ribosomal subunit,
1 A small ribosomal subunit binds to a
2 The arrival of a large ribosomal subunit
completing the translation initiation commolecule of mRNA. In a bacterial cell, the
completes the initiation complex.
mRNA binding site on this subunit
Proteins called initiation factors (not
plex. Proteins called initiation factors are
recognizes a specific nucleotide sequence
shown) are required to bring all the
required to bring all these components
on the mRNA just upstream of the start
translation components together.
together. The cell also expends energy
codon. An initiator tRNA, with the
Hydrolysis of GTP provides the energy
anticodon UAC, base-pairs with the start
for the assembly. The initiator tRNA is in
obtained by hydrolysis of a GTP molecule
codon, AUG. This tRNA carries the amino
the P site; the A site is available to the
to form the initiation complex. At the comacid methionine (Met).
tRNA bearing the next amino acid.
pletion of the initiation process, the initiator tRNA sits in the P site of the ribosome,
and UGA (all written 5¿ S 3¿) do not code for amino acids
and the vacant A site is ready for the next aminoacyl tRNA.
but instead act as signals to stop translation. A release facNote that a polypeptide is always synthesized in one direction,
tor, a protein shaped like an aminoacyl tRNA, binds directly
from the initial methionine at the amino end, also called the
to the stop codon in the A site. The release factor causes
N-terminus, toward the final amino acid at the carboxyl end,
the addition of a water molecule instead of an amino acid
also called the C-terminus (see Figure 5.15).
to the polypeptide chain. (Water molecules are abundant
Elongation of the Polypeptide Chain
in the cytosol.) This reaction breaks (hydrolyzes) the bond
between the completed polypeptide and the tRNA in the P
In the elongation stage of translation, amino acids are
site, releasing the polypeptide through the exit tunnel of the
added one by one to the previous amino acid at the
ribosome’s large subunit. The remainder of the translation
C-terminus of the growing chain. Each addition involves
assembly then comes apart in a multistep process, aided by
several proteins called elongation factors and occurs in a
other protein factors. Breakdown of the translation assemthree-step cycle described in Figure 17.20. Energy expendibly requires the hydrolysis of two more GTP molecules.
ture occurs in the first and third steps. Codon recognition
requires hydrolysis of one molecule of GTP, which increases
the accuracy and efficiency of this step. One more GTP is
hydrolyzed to provide energy for the translocation step.
The mRNA is moved through the ribosome in one
direction only, 5¿ end first; this is equivalent to the ribosome moving 5¿ S 3¿ on the mRNA. The main point is
that the ribosome and the mRNA move relative to each
other, unidirectionally, codon by codon. The elongation
cycle takes less than a tenth of a second in bacteria and is
repeated as each amino acid is added until the polypeptide
is complete. The empty tRNAs that are released from the E
site return to the cytoplasm, where they will be reloaded
with the appropriate amino acid (see Figure 17.17).

Termination of Translation
The final stage of translation is termination (Figure 17.21).
Elongation continues until a stop codon in the mRNA
reaches the A site. The nucleotide base triplets UAG, UAA,
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Completing and Targeting the Functional
Protein
The process of translation is often not sufficient to make a
functional protein. In this section, you will learn about modifications that polypeptide chains undergo after the translation process as well as some of the mechanisms used to target
completed proteins to specific sites in the cell.

Protein Folding and Post-Translational
Modifications
During its synthesis, a polypeptide chain begins to coil
and fold spontaneously as a consequence of its amino acid
sequence (primary structure), forming a protein with a specific shape: a three-dimensional molecule with secondary
and tertiary structure (see Figure 5.18). Thus, a gene determines primary structure, which in turn determines shape.

Figure 17.20 The elongation cycle of translation. The hydrolysis of GTP plays
an important role in the elongation process; elongation factors are not shown.
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Animation: Elongation Cycle of Translation

1 Codon recognition. The anticodon of
an incoming aminoacyl tRNA base-pairs
with the complementary mRNA codon in
the A site. Hydrolysis of GTP increases
the accuracy and efficiency of this step.
Although not shown, many different
aminoacyl tRNAs are present, but only
the one with the appropriate anticodon
will bind and allow the cycle to progress.
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3 Translocation. The
ribosome translocates the
tRNA in the A site to the
P site. At the same time,
the empty tRNA in the P
site is moved to the E site,
where it is released. The
mRNA moves along with its
bound tRNAs, bringing the
next codon to be translated
into the A site.

2 Peptide bond formation.
An rRNA molecule of the large
ribosomal subunit catalyzes the
formation of a peptide bond
between the amino group of the
new amino acid in the A site and
the carboxyl end of the growing
polypeptide in the P site. As
shown in the next diagram, this
step removes the polypeptide
from the tRNA in the P site and
attaches it to the amino acid on
the tRNA in the A site.

GTP

E

P

A

Figure 17.21 The termination of translation. Like elongation, termination requires
GTP hydrolysis as well as additional protein factors, which are not shown here.
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Animation: Termination of Translation
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1 When a ribosome reaches a stop codon on
mRNA, the A site of the ribosome accepts a
”release factor,” a protein shaped like a
tRNA, instead of an aminoacyl tRNA.

3′

GTP

2 The release factor promotes hydrolysis of the
bond between the tRNA in the P site and the
last amino acid of the polypeptide, thus
freeing the polypeptide from the ribosome.
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Additional steps—post-translational modifications—may
be required before the protein can begin doing its particular
job in the cell. Certain amino acids may be chemically modified by the attachment of sugars, lipids, phosphate groups,
or other additions. Enzymes may remove one or more
amino acids from the leading (amino) end of the polypeptide chain. In some cases, a polypeptide chain may be enzymatically cleaved into two or more pieces. In other cases,
two or more polypeptides that are synthesized separately
may come together, if the protein has quaternary structure;
an example is hemoglobin (see Figure 5.18).
BioFlix® Animation: Protein Processing

Targeting Polypeptides to Specific Locations
In electron micrographs of eukaryotic cells active in protein
synthesis, two populations of ribosomes are evident: free
and bound (see Figure 6.10). Free ribosomes are suspended
in the cytosol and mostly synthesize proteins that stay in the
cytosol and function there. In contrast, bound ribosomes are
attached to the cytosolic side of the endoplasmic reticulum
(ER) or to the nuclear envelope. Bound ribosomes make proteins of the endomembrane system (see Figure 6.15) as well
as proteins secreted from the cell, such as insulin. It is important to note that the ribosomes themselves are identical and
can alternate between being free ribosomes one time they are
used and being bound ribosomes the next.

What determines whether a ribosome is free in the cytosol
or bound to rough ER? Polypeptide synthesis always begins in
the cytosol as a free ribosome starts to translate an mRNA molecule. There, the process continues to completion—unless the
growing polypeptide itself cues the ribosome to attach to the
ER. The polypeptides of proteins destined for the endomembrane system or for secretion are marked by a signal peptide,
which targets the protein to the ER (Figure 17.22). The signal
peptide, a sequence of about 20 amino acids at or near the leading end (N-terminus) of the polypeptide, is recognized as it
emerges from the ribosome by a protein-RNA complex called
a signal-recognition particle (SRP). This particle escorts
the ribosome to a receptor protein built into the ER membrane.
The receptor is part of a multiprotein translocation complex.
Polypeptide synthesis continues there, and the growing polypeptide snakes across the membrane into the ER lumen via a
protein pore. The rest of the completed polypeptide, if it is to
be secreted from the cell, is released into solution within the ER
lumen. Alternatively, if the polypeptide is to be a membrane
protein, it remains partially embedded in the ER membrane.
In either case, it travels in a transport vesicle to its destination
(see, for example, Figure 7.9).
Other kinds of signal peptides are used to target polypeptides to mitochondria, chloroplasts, the interior of the nucleus,
and other organelles that are not part of the endomembrane
system. The critical difference in these cases is that translation
is completed in the cytosol before the polypeptide is imported

Figure 17.22 The signal mechanism for targeting proteins to the ER.
1 Polypeptide
synthesis begins
on a free
ribosome in
the cytosol.

2 An SRP binds to
the signal peptide,
halting synthesis
momentarily.

3 The SRP binds to a receptor
protein in the ER membrane,
part of a protein complex that
forms a pore.

4 The SRP leaves, and
polypeptide synthesis
resumes, with simultaneous translocation across
the membrane.

5 The signal
peptide is cleaved
by an enzyme in
the receptor
protein complex.

6 The rest of
the completed
polypeptide leaves
the ribosome and
folds into its final
conformation.
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If this protein were destined for secretion, what would
happen to it after its synthesis was completed? See Figure 7.9.
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Video: Cotranslational Translocation

into the organelle. Translocation mechanisms also vary, but
in all cases studied to date, the “postal zip codes” that address
proteins for secretion or to cellular locations are signal peptides
of some sort. Bacteria also employ signal peptides to target proteins to the plasma membrane for secretion.

Making Multiple Polypeptides in Bacteria
and Eukaryotes
In previous sections, you learned how a single polypeptide
is synthesized using the information encoded in an mRNA
molecule. When a polypeptide is required in a cell, though,
the need is for many copies, not just one.
A single ribosome can make an average-sized polypeptide in less than a minute. In both bacteria and eukaryotes,
however, multiple ribosomes translate an mRNA at the same
time (Figure 17.23); that is, a single mRNA is used to make
many copies of a polypeptide simultaneously. Once a ribosome is far enough past the start codon, a second ribosome
can attach to the mRNA, eventually resulting in a number of
ribosomes trailing along the mRNA. Such strings of ribosomes,
called polyribosomes (or polysomes), can be seen with an
electron microscope; they can be either free or bound. They
enable a cell to rapidly make many copies of a polypeptide.
Another way both bacteria and eukaryotes augment the
number of copies of a polypeptide is by transcribing multiple
mRNAs from the same gene. However, the coordination of the
two processes—transcription and translation—differs in the
two groups. The most important differences between bacteria
Figure 17.23 Polyribosomes.
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(a) An mRNA molecule is generally translated simultaneously
by several ribosomes in clusters called polyribosomes.

Figure 17.24 Coupled transcription and translation in
bacteria. In bacterial cells, the translation of mRNA can begin as soon
as the leading (5¿) end of the mRNA molecule peels away from the
DNA template. The micrograph (TEM) shows a strand of E. coli DNA
being transcribed by RNA polymerase molecules. Attached to each RNA
polymerase molecule is a growing strand of mRNA, which is already
being translated by ribosomes. The newly synthesized polypeptides are
not visible in the micrograph but are shown in the diagram.
RNA polymerase

DNA
mRNA
0.25 μm
RNA
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Polyribosome
Direction of
transcription

DNA

Polyribosome
Polypeptide
(amino end)
Ribosome
mRNA (5′ end)
VISUAL SKILLS

Which one of the mRNA molecules started being transcribed
first? On that mRNA, which ribosome started translating the mRNA first?

and eukaryotes arise from the bacterial cell’s lack of compartmental organization. Like a one-room workshop, a bacterial
cell ensures a streamlined operation by coupling the two
processes. In the absence of a nucleus, it can simultaneously
transcribe and translate the same gene (Figure 17.24), and the
newly made protein can quickly diffuse to its site of function.
In contrast, the eukaryotic cell’s nuclear envelope segregates transcription from translation and provides a compartment for extensive RNA processing. This processing stage
includes additional steps, discussed earlier, the regulation
of which can help coordinate the eukaryotic cell’s elaborate
activities. Figure 17.25 summarizes the path from gene to
polypeptide in a eukaryotic cell.

CONCEPT CHECK 17.4
1. What two processes ensure that the correct amino acid
is added to a growing polypeptide chain?

Ribosomes
mRNA

0.1 μm
(b) This micrograph shows a large polyribosome in a bacterial cell.
Growing polypeptides are not visible here (TEM).

2. Describe how a polypeptide to be secreted reaches the
endomembrane system.
3. WHAT IF? DRAW IT Draw a tRNA with the anticodon
3¿-CGU-5¿. What two different codons could it bind to?
Draw each codon on an mRNA, labeling all 5¿ and 3¿
ends, the tRNA, and the amino acid it carries.
4. WHAT IF? In eukaryotic cells, mRNAs have been found
to have a circular arrangement in which proteins hold
the poly-A tail near the 5¿ cap. How might this increase
translation efficiency?
For suggested answers, see Appendix A.
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Figure 17.25 A summary of transcription and translation in a eukaryotic cell.
This diagram shows the path from one gene to
one polypeptide. Each gene in the DNA can be
transcribed repeatedly into many identical RNA
molecules and each mRNA can be translated
repeatedly to yield many identical polypeptide

molecules. (Also, remember that the final
products of some genes are not polypeptides
but RNA molecules that don’t get translated,
including tRNA and rRNA.) In general, the steps
of transcription and translation are similar in
bacterial, archaeal, and eukaryotic cells. The
major difference is the occurrence of RNA

processing in the eukaryotic nucleus. Other
significant differences are found in the initiation
stages of both transcription and translation and
in the termination of transcription. To visualize
these processes in their cellular context, see
Figure 6.32.
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CONCEPT

17.5

Mutations of one or a few
nucleotides can affect protein
structure and function
Now that you have explored the process of gene expression,
you are ready to understand the effects of changes to the genetic
information of a cell. These changes, called mutations, are
responsible for the huge diversity of genes found among organisms because mutations are the ultimate source of new genes.
Earlier, we considered chromosomal rearrangements that affect
long segments of DNA (see Figure 15.14); these are considered
large-scale mutations. Here we examine small-scale mutations
of one or a few nucleotide pairs, including point mutations,
changes in a single nucleotide pair of a gene.
If a point mutation occurs in a gamete or in a cell that gives
rise to gametes, it may be transmitted to offspring and to future
generations. If the mutation has an adverse effect on the phenotype of a person, the mutant condition is referred to as a
genetic disorder or hereditary disease. For example, we can trace
the genetic basis of sickle-cell disease to the mutation of a single
nucleotide pair in the gene that encodes the β-globin polypeptide of hemoglobin. The change of a single nucleotide in the
DNA’s template strand leads to an altered mRNA and the production of an abnormal protein (Figure 17.26; also see Figure
5.19). In individuals who are homozygous for the mutant
allele, the sickling of red blood cells caused by the altered
hemoglobin produces the multiple symptoms associated with
sickle-cell disease (see Concept 14.4 and Figure 23.18). Another

disorder caused by a point mutation is a heart condition called
familial cardiomyopathy, which is responsible for some of the
tragic incidents of sudden death in young athletes. Point mutations in several genes encoding muscle proteins have been
identified, any of which can lead to this disorder.

Types of Small-Scale Mutations
Let’s now consider how small-scale mutations affect proteins.
We should first note that many mutations occur in regions
outside of protein-coding genes, and any potential effect they
have on the phenotype of the organism may be subtle and hard
to detect. For this reason, here we’ll concentrate on mutations
within protein-coding genes. Small-scale mutations within
a gene can be divided into two general categories: (1) single
nucleotide-pair substitutions and (2) nucleotide-pair insertions
or deletions. Insertions and deletions can involve one or more
nucleotide pairs.

Substitutions

A nucleotide-pair substitution is the replacement of
one nucleotide and its partner with another pair of nucleotides (Figure 17.27a). Some substitutions have no effect
on the encoded protein, owing to the redundancy of the
genetic code. For example, if 3¿-CCG-5¿ on the template
strand mutated to 3¿-CCA-5¿, the mRNA codon that used
to be GGC would become GGU, but a glycine would still
be inserted at the proper location in the protein (see Figure
17.6). In other words, a change in a nucleotide pair may
transform one codon into another that is translated into the
same amino acid. Such a change is an example of a silent
mutation, which has no observable
effect on the phenotype. (Silent mutaFigure 17.26 The molecular basis of sickle-cell disease: a point mutation. The
allele that causes sickle-cell disease differs from the wild-type (normal) allele by a single DNA
tions can occur outside genes as well.)
nucleotide pair. The micrographs are SEMs of a normal red blood cell (on the left) and a sickled
Interestingly, there is evidence that
red blood cell (right) from individuals homozygous for wild-type and mutant alleles, respectively.
some silent mutations may indirectly
affect where or at what level the gene
gets expressed, even though the actual
Sickle-cell β-globin
Wild-type β-globin
protein is the same.
In the DNA, the
Substitutions that change one amino
mutant (sickle-cell)
Mutant β-globin DNA
Wild-type β-globin DNA
acid
to another one are called missense
C A C
C T C
3′
5′
3′
5′ template strand
(top)
has
an
A
mutations.
Such a mutation may have
G A G
G T G
5′
3′
5′
3′
where the wildlittle effect on the protein: The new
type template
amino acid may have properties similar
has a T.
to those of the amino acid it replaces,
mRNA
mRNA
The mutant mRNA
or it may be in a region of the protein
G A G
G U G
5′
3′
5′
3′ has a U instead of
where the exact sequence of amino
an A in one codon.
acids is not essential to the protein’s
function.
The mutant
Sickle-cell hemoglobin
Normal hemoglobin
However, the nucleotide-pair substiβ-globin has a valine
Glu
Val
(Val) instead of a
tutions of greatest interest are those that
glutamic acid (Glu).
cause a major change in a protein. The
alteration of a single amino acid in a cruHHMI Animation: Sickle-Cell Disease
Animation: Mutation Types
cial area of a protein—such as in the part
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Figure 17.27 Types of small-scale mutations that affect mRNA sequence. All but one of
the types shown here also affect the amino acid sequence of the encoded polypeptide.
Wild type
DNA template strand 3′ T A C T T C A A A C C G A T T 5′
5′ A T G A A G T T T G G C T A A 3′
mRNA 5′ A U G A A G U U U G G C U A A 3′
Protein

Met

Lys

Phe

Gly

Stop
Carboxyl end

Amino end
(a) Nucleotide-pair substitution

(b) Nucleotide-pair insertion or deletion
Extra A

A instead of G
3′ T A C T T C A A A C C A A T T 5′
5′ A T G A A G T T T G G T T A A 3′

3′ T A C A T T C A A A C C G A T T 5′
5′ A T G T A A G T T T G G C T A A 3′
Extra U

U instead of C
5′ A U G A A G U U U G G U U A A 3′
Met

Lys

Phe

Gly

Stop

Silent: No effect on the amino acid sequence

5′ A U G U A A G U U U G G C U A A 3′
Met

Stop

Frameshift causing immediate nonsense (1 nucleotide-pair insertion)

T instead of C

A missing

3′ T A C T T C A A A T C G A T T 5′
5′ A T G A A G T T T A G C T A A 3′

3′ T A C T T C A A C C G A T T 5′
5′ A T G A A G T T G G C T A A 3′

A instead of G

U missing

5′ A U G A A G U U U A G C U A A 3′
Met

Lys

Phe

Ser

Stop

Missense: A range of effects depending on the location within the
protein and the identity of the new amino acid
A instead of T
3′ T A C A T C A A A C C G A T T 5′
5′ A T G T A G T T T G G C T A A 3′
U instead of A
5′ A U G U A G U U U G G U U A A 3′
Met

Stop

Nonsense: Effect depends on how close the new stop codon is to the
beginning of the coding sequence

5′ A U G A A G U U G G C U A A
Met

Lys

Leu

3′

Ala

Frameshift causing extensive missense (1 nucleotide-pair deletion)

T T C missing
3′ T A C A A A C C G A T T 5′
5′ A T G T T T G G C T A A 3′
A A G missing
5′ A U G U U U G G C U A A 3′
Met

Phe

Gly

Stop

3 nucleotide-pair deletion: No frameshift, but one amino acid is
missing. A 3 nucleotide-pair insertion (not shown) would lead to
an extra amino acid.
Figure Walkthrough

of the β-globin subunit of hemoglobin shown in Figure 17.26
or in the active site of an enzyme as shown in Figure 8.19—
can significantly alter protein activity. Occasionally, such
a mutation leads to an improved protein or one with novel
capabilities, but much more often such mutations are neutral
or detrimental, leading to a useless or less active protein that
impairs cellular function.
Substitution mutations are usually missense mutations;
that is, the altered codon still codes for an amino acid and
thus makes sense, although not necessarily the right sense.
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But a point mutation can also change a codon for an amino
acid into a stop codon. This is called a nonsense mutation,
and it causes translation to be terminated prematurely; the
resulting polypeptide will be shorter than the polypeptide
encoded by the normal gene. Most nonsense mutations lead
to nonfunctional proteins.
In the Problem-Solving Exercise, you’ll work with a few
common single nucleotide-pair substitution mutations in
the gene encoding insulin, some or all of which may lead
to diabetes. You will classify these mutations into one of

PROBLEM-SOLVING EXERCISE

Are insulin
mutations the
cause of three
infants’ neonatal
diabetes?
Insulin is a hormone that acts as a key
regulator of blood glucose level. In
some cases of neonatal diabetes, the
gene coding for the insulin protein has
a nucleotide-pair substitution mutation
that alters the protein structure enough
to cause it to malfunction. How can you
identify a nucleotide-pair substitution
and determine its effect on the amino
acid sequence?
Now that it’s possible to sequence
an individual’s whole genome, doctors
can use that DNA sequence information
to diagnose diseases and identify new
treatments. For example, the insulin gene
sequence of a patient with neonatal diabetes can be analyzed to determine if it
has a mutation and, if so, its effect.
Watch the video in the MasteringBiology Study Area to see how genome
sequencing is changing medicine.

In this exercise, you will determine the effect of mutations present in a portion of diabetes
patients’ insulin gene sequences.
Your Approach Suppose you are a medical geneticist presented with three infant patients, all of whom have a nucleotide-pair substitution in their insulin
gene. It is your job to analyze each mutation to figure out the effect of
the mutation on the amino acid sequence of the insulin protein. To identify the mutation in each patient, you will compare his or her individual
insulin complementary DNA (cDNA) sequence to that of the wild-type
cDNA. (cDNA is a double-stranded DNA molecule that is based on the
mRNA sequence and thus contains only the portion of a gene that is
translated—introns are not included. cDNA sequences are commonly
used to compare the coding regions of genes.) Identifying the codons
that have been changed will tell you which, if any, amino acids are
altered in the patient’s insulin protein.
Your Data

Wild-type cDNA

;QWYKNNCPCN[\GVJGE&0#EQFQPUHQTCOKPQCEKFUs QHVJG|COKPQ
acids) of each patient’s insulin protein, so the start codon (AUG) is not
present. The sequences of the wild-type cDNA and the patients’ cDNA
are shown below, arranged in codons.
5′–CTG GTG GAA GCT CTC TAC CTA GTG TGC GGG GAA CGA GGC TTC TTC TAC ACA CCC AAG ACC –3′

Patient 1 cDNA 5′–CTG GTG GAA GCT CTC TAC CTA GTG TGC GGG GAA CGA GGC TGC TTC TAC ACA CCC AAG ACC –3′
Patient 2 cDNA 5′–CTG GTG GAA GCT CTC TAC CTA GTG TGC GGG GAA CGA GGC TCC TTC TAC ACA CCC AAG ACC –3′
Patient 3 cDNA 5′–CTG GTG GAA GCT CTC TAC CTA GTG TGC GGG GAA CGA GGC TTC TCG TAC ACA CCC AAG ACC –3′

Data from N. Nishi and K. Nanjo, Insulin gene mutations and diabetes, Journal of Diabetes
Investigation 2:92–100 (2011).

Your Analysis

ABC News Video: Using Genome
Sequencing to Diagnose Gene-Based
Diseases

1. Comparing each patient’s cDNA sequence to the wild-type cDNA
sequence, circle the codons where a nucleotide-pair substitution
mutation has occurred.
2. Use a codon table (see Figure 17.6) to identify the amino acid that
will be made by the codon with the mutation in each patient’s insulin
sequence, and compare it to the amino acid made by the codon in the
corresponding wild-type sequence. As is standard practice with DNA
sequences, the cDNA coding (nontemplate) strand has been provided,
so to convert it to mRNA for use with the codon table, you just need
to change T to U. Classify each patient’s nucleotide-pair substitution
mutation: Is it a silent, missense, or nonsense mutation? Explain, for
each answer.
3. Compare the structure of the amino acid you identified in each patient’s
insulin sequence to that of the corresponding amino acid in the wildtype insulin sequence (see Figure 5.14). Given that each patient has
neonatal diabetes, discuss how the change of amino acid in each might
have affected the insulin protein and thus resulted in the disease.

Instructors: A version of this Problem-Solving Exercise can be assigned in
MasteringBiology. Or a more extensive investigation called “Solve It: Which
Insulin Mutations May Result in Disease?” can be assigned.

the types we just described and characterize the change in
amino acid sequence.

Insertions and Deletions
Insertions and deletions are additions or losses of nucleotide pairs in a gene (Figure 17.27b). These mutations have
a disastrous effect on the resulting protein more often than

substitutions do. Insertion or deletion of nucleotides may alter
the reading frame of the genetic message, the triplet grouping of
nucleotides on the mRNA that is read during translation. Such
a mutation, called a frameshift mutation, occurs whenever
the number of nucleotides inserted or deleted is not a multiple
of three. All nucleotides downstream of the deletion or insertion will be improperly grouped into codons; the result will be
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extensive missense mutations, usually ending sooner or later
in a nonsense mutation that leads to premature termination.
Unless the frameshift is very near the end of the gene, the protein is almost certain to be nonfunctional. Insertions and deletions also occur outside of coding regions; these are not called
frameshift mutations, but can have effects on the phenotype—
for instance, they can affect how a gene is expressed.

New Mutations and Mutagens
Mutations can arise in a number of ways. Errors during DNA
replication or recombination can lead to nucleotide-pair
substitutions, insertions, or deletions, as well as to mutations
affecting longer stretches of DNA. If an incorrect nucleotide
is added to a growing chain during replication, for example,
the base on that nucleotide will then be mismatched with the
nucleotide base on the other strand. In many cases, the error
will be corrected by DNA proofreading and repair systems
(see Concept 16.2). Otherwise, the incorrect base will be used
as a template in the next round of replication, resulting in a
mutation. Such mutations are called spontaneous mutations. It
is difficult to calculate the rate at which such mutations occur.
Rough estimates have been made of the rate of mutation during
DNA replication for both E. coli and eukaryotes, and the numbers are similar: About one nucleotide in every 1010 is altered,
and the change is passed on to the next generation of cells.
A number of physical and chemical agents, called mutagens,
interact with DNA in ways that cause mutations. In the 1920s,
Hermann Muller discovered that X-rays caused genetic changes
in fruit flies, and he used X-rays to make Drosophila mutants for
his genetic studies. But he also recognized an alarming implication of his discovery: X-rays and other forms of high-energy
radiation pose hazards to the genetic material of people as well
as laboratory organisms. Mutagenic radiation, a physical mutagen, includes ultraviolet (UV) light, which can cause disruptive
thymine dimers in DNA (see Figure 16.19).
Chemical mutagens fall into several categories. Nucleotide
analogs are chemicals similar to normal DNA nucleotides but
that pair incorrectly during DNA replication. Other chemical
mutagens interfere with correct DNA replication by inserting
themselves into the DNA and distorting the double helix. Still
other mutagens cause chemical changes in bases that change
their pairing properties.
Researchers have developed a variety of methods to test
the mutagenic activity of chemicals. A major application of
these tests is the preliminary screening of chemicals to identify those that may cause cancer. This approach makes sense
because most carcinogens (cancer-causing chemicals) are
mutagenic, and conversely, most mutagens are carcinogenic.

What Is a Gene? Revisiting the Question
Our definition of a gene has evolved over the past few chapters,
as it has through the history of genetics. We began with the
Mendelian concept of a gene as a discrete unit of inheritance
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that affects a phenotypic character (Chapter 14). We saw that
Morgan and his colleagues assigned such genes to specific loci
on chromosomes (Chapter 15). We went on to view a gene as a
region of specific nucleotide sequence along the length of the
DNA molecule of a chromosome (Chapter 16). Finally, in this
chapter, we have considered a functional definition of a gene
as a DNA sequence that codes for a specific polypeptide chain
or a functional RNA molecule, such as a tRNA. All these definitions are useful, depending on the context in which genes are
being studied.
We have noted that merely saying a gene codes for a polypeptide is an oversimplification. Most eukaryotic genes contain
noncoding segments (such as introns), so large portions of
these genes have no corresponding segments in polypeptides.
Molecular biologists also often include promoters and certain
other regulatory regions of DNA within the boundaries of a
gene. These DNA sequences are not transcribed, but they can
be considered part of the functional gene because they must be
present for transcription to occur. Our definition of a gene must
also be broad enough to include the DNA that is transcribed
into rRNA, tRNA, and other RNAs that are not translated. These
genes have no polypeptide products but play crucial roles in the
cell. Thus, we arrive at the following definition: A gene is a region
of DNA that can be expressed to produce a final functional product
that is either a polypeptide or an RNA molecule.
When considering phenotypes, however, it is often useful
to start by focusing on genes that code for polypeptides. In
this chapter, you have learned in molecular terms how a typical gene is expressed—by transcription into RNA and then
translation into a polypeptide that forms a protein of specific
structure and function. Proteins, in turn, bring about an
organism’s observable phenotype.
A given type of cell expresses only a subset of its genes.
This is an essential feature in multicellular organisms: You’d
be in trouble if the lens cells in your eyes started expressing
the genes for hair proteins, which are normally expressed
only in hair follicle cells! Gene expression is precisely regulated, which we’ll explore in the next chapter, beginning with
the simpler case of bacteria and continuing with eukaryotes.

CONCEPT CHECK 17.5
1. What happens when one nucleotide pair is lost from the
middle of the coding sequence of a gene?
2. MAKE CONNECTIONS Individuals heterozygous for the
sickle-cell allele are generally healthy but show phenotypic effects of the allele under some circumstances (see
Figure 14.17). Explain in terms of gene expression.
3. WHAT IF? DRAW IT The template strand of a gene
includes this sequence:
3¿-TACTTGTCCGATATC-5¿. It is mutated to
3¿-TACTTGTCCAATATC-5¿. For both wild-type and mutant
sequences, draw the double-stranded DNA, the resulting
mRNA, and the amino acid sequence each encodes. What
is the effect of the mutation on the amino acid sequence?
For suggested answers, see Appendix A.
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SUMMARY OF KEY CONCEPTS
CONCEPT
CONC
CO
CEPT 17.1

Genes specify proteins via transcription
and translation (pp. 336–342)
VOCAB

Beadle and Tatum’s studies of mutant strains of
SELF-QUIZ
goo.gl/6u55ks
Neurospora led to the one gene–one polypeptide
hypothesis. During gene expression, the information encoded in genes is used to make specific polypeptide
chains (enzymes and other proteins) or RNA molecules.
Transcription is the synthesis of RNA complementary to a
template strand of DNA. Translation is the synthesis of
a polypeptide whose amino acid sequence is specified by the
nucleotide sequence in messenger RNA (mRNA).
Genetic information is encoded as a sequence of nonoverlapping
nucleotide triplets, or codons. A codon in mRNA either is translated
into an amino acid (61 of the 64 codons) or serves as a stop signal
(3 codons). Codons must be read in the correct reading frame.

?

Most eukaryotic genes are split into segments: They have
introns interspersed among the exons (the regions included in
the mRNA). In RNA splicing, introns are removed and exons
joined. RNA splicing is typically carried out by spliceosomes,
but in some cases, RNA alone catalyzes its own splicing. The catalytic ability of some RNA molecules, called ribozymes, derives
from the inherent properties of RNA. The presence of introns
allows for alternative RNA splicing.
5′ Cap
5′ Exon Intron Exon

Poly-A tail
Exon 3′

Intron

Pre-mRNA
RNA splicing
mRNA
5′ UTR

?

Coding
segment

3′ UTR

What function do the 5¿ cap and the poly-A tail serve on a eukaryotic mRNA?

CONCEPT 17.4

Translation is the RNA-directed synthesis
of a polypeptide: a closer look (pp. 347–356)

Describe the process of gene expression, by which a gene affects the
phenotype of an organism.

CONCEPT 17.2

Transcription is the DNA-directed synthesis
of RNA: a closer look (pp. 342–344)
RNA synthesis is catalyzed by RNA polymerase, which links
together RNA nucleotides complementary to a DNA template
strand. This process follows the same base-pairing rules as DNA
replication, except that in RNA, uracil substitutes for thymine.
Transcription unit

A cell translates an mRNA message into protein using transfer
RNAs (tRNAs). After being bound to a specific amino acid
by an aminoacyl-tRNA synthetase, a tRNA lines up via
its anticodon at the complementary codon on mRNA.
A ribosome, made up of ribosomal RNAs (rRNAs) and
proteins, facilitates this coupling with binding sites for mRNA
and tRNA.
Ribosomes coordinate the three stages of translation: initiation,
elongation, and termination. The formation of peptide bonds
between amino acids is catalyzed by rRNAs as tRNAs move
through the A and P sites and exit through the E site.

Promoter
Polypeptide
5′
3′

3′
5′

3′
5′
RNA polymerase

Amino
acid

tRNA

Template strand
of DNA

RNA transcript

The three stages of transcription are initiation, elongation,
and termination. A promoter, often including a TATA box
in eukaryotes, establishes where RNA synthesis is initiated.
Transcription factors help eukaryotic RNA polymerase recognize promoter sequences, forming a transcription initiation
complex. Termination differs in bacteria and eukaryotes.

?

What are the similarities and differences in the initiation of gene
transcription in bacteria and eukaryotes?

CONCEPT 17.3

Eukaryotic cells modify RNA after transcription
(pp. 345–347)
Eukaryotic mRNAs undergo RNA processing, which includes
RNA splicing, the addition of a modified nucleotide 5= cap to the
5¿ end, and the addition of a poly-A tail to the 3¿ end. The processed mRNA includes an untranslated region (5¿ UTR or 3¿ UTR)
at each end of the coding segment.

E

A

Anticodon

Codon
mRNA
Ribosome

After translation, during protein processing, proteins may be
modified by cleavage or by attachment of sugars, lipids, phosphates, or other chemical groups.
Free ribosomes in the cytosol initiate synthesis of all proteins, but
proteins with a signal peptide are synthesized on the ER.
A gene can be transcribed by multiple RNA polymerases simultaneously. Also, a single mRNA molecule can be translated simultaneously by a number of ribosomes, forming a polyribosome.
In bacteria, these processes are coupled, but in eukaryotes they
are separated in space and time by the nuclear membrane.

?

Describe how tRNAs function in the context of the ribosome in building
a polypeptide.
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CONCEPT 17.5

Mutations of one or a few nucleotides can affect
protein structure and function (pp. 357–360)
Small-scale mutations include point mutations, changes in
one DNA nucleotide pair, which may lead to production of nonfunctional proteins. Nucleotide-pair substitutions can cause
missense or nonsense mutations. Nucleotide-pair insertions
or deletions may produce frameshift mutations.
Spontaneous mutations can occur during DNA replication and
recombination. Chemical and physical mutagens cause DNA
damage that can alter genes.

?

What will be the results of chemically modifying one nucleotide base
of a gene? What role is played by DNA repair systems in the cell?

TEST YOUR UNDERSTANDING

9. Complete the following table:

Type of RNA

Functions

Messenger RNA (mRNA)
Transfer RNA (tRNA)
In a ribosome, plays a structural role;
as a ribozyme, plays a catalytic role
(catalyzes peptide bond formation)
Primary transcript
Small RNAs in the spliceosome

Level 3: Synthesis/Evaluation

Level 1: Knowledge/Comprehension
1. In eukaryotic cells, transcription cannot begin until
(A) the two DNA strands have completely separated and exposed the promoter.
(B) several transcription factors have bound to the
promoter.
(C) the 5¿ caps are removed from the mRNA.
(D) the DNA introns are removed from the template.

8. Would the coupling of the processes shown in Figure 17.24
be found in a eukaryotic cell? Explain why or why not.

10. EVOLUTION CONNECTION Most amino acids are coded for
by a set of similar codons (see Figure 17.6). Propose at least one
evolutionary explanation to account for this pattern.
PRACTICE
TEST

goo.gl/CUYGKD

2. Which of the following is not true of a codon?
(A) It may code for the same amino acid as another codon.
(B) It never codes for more than one amino acid.
(C) It extends from one end of a tRNA molecule.
(D) It is the basic unit of the genetic code.
3. The anticodon of a particular tRNA molecule is
(A) complementary to the corresponding mRNA codon.
(B) complementary to the corresponding triplet in rRNA.
(C) the part of tRNA that bonds to a specific amino acid.
(D) catalytic, making the tRNA a ribozyme.

11. SCIENTIFIC INQUIRY Knowing that the genetic code is almost
universal, a scientist uses molecular biological methods to
insert the human β-globin gene (shown in Figure 17.12) into
bacterial cells, hoping the cells will express it and synthesize
functional β-globin protein. Instead, the protein produced is
nonfunctional and is found to contain many fewer amino acids
than does β-globin made by a eukaryotic cell. Explain why.
12. WRITE ABOUT A THEME: INFORMATION Evolution accounts
for the unity and diversity of life, and the continuity of life is
based on heritable information in the form of DNA. In a short
essay (100–150 words), discuss how the fidelity with which DNA
is inherited is related to the processes of evolution. (Review the
discussion of proofreading and DNA repair in Concept 16.2.)
13. SYNTHESIZE YOUR KNOWLEDGE

4. Which of the following is not true of RNA processing?
(A) Exons are cut out before mRNA leaves the nucleus.
(B) Nucleotides may be added at both ends of the RNA.
(C) Ribozymes may function in RNA splicing.
(D) RNA splicing can be catalyzed by spliceosomes.
5. Which component is not directly involved in translation?
(A) GTP
(C) tRNA
(B) DNA
(D) ribosomes

Level 2: Application/Analysis
6. Using Figure 17.6, identify a 5¿ S 3¿ sequence of nucleotides
in the DNA template strand for an mRNA coding for the
polypeptide sequence Phe-Pro-Lys.
(A) 5¿-UUUCCCAAA-3¿
(B) 5¿-GAACCCCTT-3¿
(C) 5¿-CTTCGGGAA-3¿
(D) 5¿-AAACCCUUU-3¿
7. Which of the following mutations would be most likely to have
a harmful effect on an organism?
(A) a deletion of three nucleotides near the middle of a gene
(B) a single nucleotide deletion in the middle of an intron
(C) a single nucleotide deletion near the end of the coding
sequence
(D) a single nucleotide insertion downstream of, and close to,
the start of the coding sequence
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Some mutations result in proteins that function well at one
temperature but are nonfunctional at a different (usually
higher) temperature. Siamese cats have such a “temperaturesensitive” mutation in a gene encoding an enzyme that makes
dark pigment in the fur. The mutation results in the breed’s
distinctive point markings and lighter body color (see the
photo). Using this information and what you learned in the
chapter, explain the pattern of the cat’s fur pigmentation.
For selected answers, see Appendix A.
For additional practice questions, check out the Dynamic Study
Modules in MasteringBiology. You can use them to study on
your smartphone, tablet, or computer anytime, anywhere!

