Microbial Genetics

Virtually all the microbial traits you have read abouyt ;,
earlier chapters are controlled or influenced by hered{g},_
The inherited traits of microbes include their shape gng
sructural features, their metabolism, their ability to move o
behave in various ways, and their ability to interact with
other organisms——perhﬂps causing disease. Individyg|

aanisms transmit these characteristics to their offspring

through genes.

Researchers are trying to solve the difficult medical
oroblem of microbes developing antibiotic resistance.
Microorganisms can become resistant to antibiotics in
any of several ways, all of which depend on genetics.
The emergence of vancomycin-resistant Staphylococcus
aureus [VRSA) poses a serious threat to patient care. In

this chapter you will see how VRSA acquired this trait.

Emergent diseases provide another example of the impor:
tance of understanding genetics. New diseases are fhe
results of genetic chunges in some existing organism; for
example, E. coli O157:H7 acquired the genes for Shige

toxin from Shigella. S

Currently, microbiologists are using genetics fo discovel
relatedness among organisms and the origins of orgo"
isms such as HIV and West Nile virus and fo study 1@

potential for avian influenza viruses to infect humans.
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Bacterial Chromosome. The single chromosome, normally right

oy TR _ : el
packed inside a bacterial cell, has burst from an E. coli cell after the ¢¢

wall and plasma membrane were damaged
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STRUCTURE AND FUNCTION
OF THE GENETIC MATERIAL

LEARNING OBJECTIVES

« Define genehics, genome, chromosome, gene, genehc
code, genotype, phenotype. and genomics

¢ Describe how DNA serves as genetic information

Genetics is the science of heredity; it includes the study of
what genes are, how they carmy information, how they are
n—-phf.uud and passed 1o subsequent generations of cells or
passed between organisms, and how the expression of therr
aformation within an organism determines the particular
characteristics of that organism. The genetic information
in a cell is called the genome. A cell’s genome includes its
chromosomes and plasmids. Chromosomes are structures
containing DNA that physically carry hereditary informa-
rion: the chromosomes contain the genes. Genes are seg-
ments of DNA (except in some viruses, in which they are
made of RNA) that code for functional products. We saw
in Chapter 2, on page 48, that DNA is a macromolecule
composed of repeating units called nucleotides. Recall that
each nuclm'lrldc consists of a nitre wenous base (Hdenint:,
thymine, cvtosine, or guanine), deoxyribose (a pentose
sugar), and a phosphate group (see Figure 2.16, page 48).
The DNA within a cell exists as long strands of nu-
deotides twisted together in pairs to form a double helix.
Fach strand has a string of alternating sugar and phosphate
eroups (its sugar-phosphate backbone), and a nitrogenous
hase is attached to each sugar in the backbone. The two
strands are held together by hydrogen bonds between their
nitrogenous bases. The base pairs always occur in a spe-
cific way: adenine always pairs with thymine, and cytosine
always pairs with guanine. Because of this specific base
pairing, the hase sequence of one DNA strand determines
the hase sequence of the other strand. The two strands of
DNA are thus complementary. You can think of these com-
plementary DNA sequences as being like a positive photo-
graph and its negative,

The structure of DNA helps explain two primary fea-
tures of biological information storage. First, the linear se-
quence of bases provides the actual information. Genetic
information is encoded by the sequence of bases along a
strand of DNA, in much the same way as our written lan-
guage uses a linear sequence of letters to form words and
sentences. The genetic language, however, uses an alpha-
bet with only four letters—the four kinds of nitrogenous
bases in DNA (or RNA). But 1000 of these four bases, the
number contained in an average-sized gene, can be
arranged in 4'°% different ways. This astronomically large
number explains how genes can be varied enough to provide
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A1l the information a cell needs to grow and perform its
functions. The genetic code, the set of rules that deter-
mines how a nucleotide sequence is converted into the
amino acid sequence of a protein, is discussed in more
detail later in the chapter.

Second, the complementary structure allows for the pre-
cise duplication of DNA during cell division. Again, think
of the photograph analogy: if you have a negative, you can
Jlwavs make another copy of the positive print. Likewise
with DNA: if vou know the sequence of one strand, you also
know the sequence of the complementary strand.

Much of cellular metabolism is concerned with trans-
lating the genetic message of genes into specific proteins.
A gene usually codes for a messenger RNA (mRNA) mol-
ecule, which ultimately results in the formation of a pro-
tein. Alternatively, the gene product can be a ribosomal
RNA (rRNA) or a transfer RNA (tRNA). As we will see,
all of these types of RNA are involved in the process of
protein synthesis. When the ultimate molecule for which a
sene codes (a protein, for example) has been produced, we
say that the gene has been expressed.

GENOTYPE AND PHENOTYPE

The genotype of an organism is its genetic makeup, the
information that codes for all the particular characteristics
of the organism. The genotype represents potential proper-
ties, but not the properties themselves. Phenotype refers
to actual, expressed properties, such as the organism’s abil-
ity to perform a particular chemical reaction. Phenotype,
then, is the manifestation of genotype.

In molecular terms, an organism’s genotype is its col-
lection of genes, its entire DNA. What constitutes the or-
ganism’s phenotype in molecular terms! In a sense, an
organism’s phenotype is its collection of proteins. Most of
a cell’s properties derive from the structures and functions
of its proteins. In microbes, most proteins are either enzy-
matic (catalyze particular reactions) or structwral (partici-
pate in large functional complexes such as membranes or
ribosomes). Even phenotypes that depend on structural
macromolecules other than proteins (such as lipids or
polysaccharides) rely indirectly on proteins. For instance,
the structure of a complex lipid or polysaccharide molecule
results from the catalytic activities of enzymes that synthe-
size, process, and degrade those molecules. Thus, although
it is not completely accurate to say that phenotypes are due
only to proteins, it is a useful simplification.

DNA AND CHROMOSOMES

Bacteria typically have a single circular chromosome consist-
ing of a single circular molecule of DNA with associated pro-
teins. The chromosome is looped and folded (Figure 8.1a)
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FIGURE 8.1 Chromosomes. (a] A prokaryotic chromosome. The fangled mass

and looping strands of DNA emerging from this disrupted E. coli cell are part of its sin-

gle chromosome. (b) A genetic map of the chromosome of E. coli. The numbers inside

the circle are minutes based on the length of time it fakes fo transfer the genes during
s; the numbers in colored boxes are base pairs.

mating between two ce

Q What is a gene? What is an open-reading frame?
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Within a cell

DNA

/ Parent cell \

Replication DNA O
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Cell divides mRNA F o i
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FIGURE & 7 An overview of the flow of genetic
information. Genetic information can be transferred between
generations of cells, through DNA replication. Occasionally,
genetic information can be transferred between cells of the same
generation through recombination. Genetic information is also

used within a cell fo produce the proteins the cell needs to
function (through transcription and franslation). The cell repre-
sented here is a bacterium with a single circular chromosome. A
small version of this figure will be included in figures throughout
this chapter to indicate the relationships of ditferent processes.

Q All of these processes can occur al the same time in a bacterial cell. Which process results in reproduction?

and attached at one or several points to the plasma mem-
brane. The DNA of E. coli, the most-studied bacterial
species, has about 4.6 million base pairs and is about 1 mm
long—1000 times longer than the entire cell. However,
the chromosome takes up only about 10% of the cell’s vol-
ume because the DNA is twisted, or supercoiled—much
like a telephone cord when you put the handset back on
the receiver.

The location of genes on a bacterial chromosome can
be determined by experiments on the transfer of genes
from one cell to another. These processes will be discussed
later in this chapter. The bacterial chromosome map that
results is marked in minutes corresponding to when the
genes are transferred from a donor cell to a recipient cell
(Figure 8.1b).

In recent years, the complete base sequences of several
bacterial chromosomes have been determined. Computers
are used to search for open-reading frames, that is, regions of
DNA that are likely to encode a protein. As you will see
later, these are base sequences between start and stop
codons. The sequencing and molecular characterization of
zenomes is called genomics. The use of genomics to track
West Nile virus is described in the box on the following page.

THE FLOW OF GENETIC INFORMATION

DNA replication makes possible the flow of genetic infor-
mation from one generation to the next. As shown in
Figure 8.2, the DNA of a cell replicates before cell division
so that each offspring cell receives a chromosome identical
to the parent’s. Within each metabolizing cell, the genetic
information contained in DNA also flows in another way:
it is transcribed into mRNA and then translated into pro-
tein. We describe the processes of transcription and trans-
lation later in this chapter.

DNA REPLICATION

LEARNING OBJECTIVE

* Describe the process of DNA replication.

In DNA replication, one “parental” double-stranded DNA
molecule is converted to two identical “daughter” mole-
cules. The complementary structure of the nitrogenous
base sequences in the DNA molecule is the key to under-
standing DNA replication. Because the bases along the
two strands of double-helical DNA are complementary,
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PART ONE Fundamentals of Microbiology
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had never been isoloted in the weslern
hemisphere. |
51.;; 2004 WNV had been found in
birds in oll states excep! Alaska and
Hawaii. The recognition of WNV in the
Western Hemisphere in the summer of
1900 marked the first introduction in re-
cent hisiory of an Old World flavivirus
into the New World. The United Stales is
not alone, however, in reporting new Of
heighianed activily in humans and other
animals. In 2003, WNV caused en-
cephalitis in horses in Mexico, and incur-
sions of floviviruses into new areas are
likely to continue through increasing
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one strand can act as a template for the production of the

other strand (Figure 8.3a).

DNA replication requires the presence of several cellu-
lar proteins that direct a particular sequence of events.
Enzymes involved in DNA replication and other processes

are listed in Table 8.1 on page 220. When replication b
gins, the supercoiling is relaxed by topoisomerase or &1
and the two strands of parental DNA
helicase and separated from each other in one small DNV
segment after another. Free nucleorides present 10 e
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FIGURE 8.3 DNA replication. (a) [he double
halix of the parental DNA separates as weak hydrogen
: teasasrares - bonds betwaen the: nucleotides on 8] 8] OSIE shiands
gt 3 =N PN break in response to the action of replication enzymes.
Nex, hydiogen bonds form between new complemen
tary nucleotides and each strand of the parental tem
plr:lhra io torm new base pairs. Enzymes :tnln|yﬂ.% the
formation of sugarphosphate bonds between sequential
nucleotides on each resulting daughter strand. (b) The
wo strands of DNA are antiparallel. The sugar
phosphate backbone of one strand is upside-down
relative 1o the backbone of the other stand. Turn the

Yy

p_.l I. LR R NN NN ' ;
v and Daughter 3 and book upside-down 1o demonstrate this

Parontal Daughiter strand Parental _
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cytoplasm of the cell are matched up to the exposed bases  newly added nucleotide is joined to the growing DNA

of the single-stranded parental DNA. Where thymine is  strand by an enzyme called DNA polymerase. Then the
parental DNA is unwound a bit turther to allow the addi

prresent on the onginal strand, nl‘lli_..J adenine can fit into
tion of the next nucleotides. The pomnt at which tt.*l"ilh.".l-

place on the new strand; where guanine is present on the
””H“Hl Hll‘nlui, nnhj L yttmllr can bt into ]"-'I.IL'L", :llni S0 O1.
Any bases that are improperly base-paired are removed
and replaced by replication enzymes. Once aligned, the

tion occurs is called the replication fork
As the replication fork moves along the parental
DNA. cach of the unwound single strands combines
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TABLE 8.1

DNA gyrase

DNA ligase Makes covalent bonds to join DNA

excision rupﬂir.

DNA polymerase Synthesizes DNA; proofreads and

4 slicati
Relaxes supercoiling ahead of the repiic

Cut DNA backbone in a strand of DNA; facilit

mpuirs DNA

: insertions.
ate repair and insert

DNA.

cimers.

Endonucleases '
Exonucleases Cut DNA from an exposed end of DNA: facilitate repair.
Helicase Unwinds doublestranded DNA.

Methylose Adds methyl group fo selected bases In newly-made |
Photolyases Use visible light energy to separate UV-induced pyrimiciné
Primase Makes RNA primers from a DNA template.

Riboxyme RNA enzyme that removes introns and splices exons logether.

RNA polymerase Copies RNA from a DNA template.

Topoisomerase
replication.

Transposase

with new nucleotides. The original strand and this
newly synrhesized daughter strand then rewind. Because
each new double-stranded DNA molecule contains one
original (conserved) strand and one new strand, the
process of replication is referred to as semiconservative
replication.

Before looking at DNA replication in more detail, let’s
take a closer look at the structure of DNA (see Figure 2.16,
on page 48). It is important to understand the concept that
the paired DNA strands are oriented in opposite directions
relative to each other. Notice in Figure 2.16 that the car-
bon atoms of the sugar component of each nucleotide are
numbered 1’ (pronounced “one prime”) to 5'. In order for
the paired bases to be next to each other, the sugar com-
ponents in one strand are upside-down relative to the
other. The end with the hydroxyl attached to the 3’ car-
bon is called the 3’ end of the DNA strand: the end hav-
ing a phosphate attached to the 5’ carbon is called the 5
end. The way in which the two strands fit together dictates
that the 5" = 3’ direction of one strand runs counter to the
5" = 3’ direction of the other strand (see Figure 8.3b).
This structure of DNA affects the replication process he-
cause DNA polymerases can add new nucleotides to the 3’
end only. Therefore, as the replication fork moves along
the parental DNA, the two new strands must grow in djf.

ferent directions.

Relaxes supercoiling ahead of the replication fork; separates

DNA circles at the end of DNA

Cuts DNA backbone leaving single-stranded “sticky ends.”

DNA replication requires a great deal of energy. The
energy is supplied from the nucleotides, which are actually
nucleoside triphosphates. You already know about ATP:
the only difference between ATP and the adenine nu-
cleotide in DNA is the sugar component. Deoxyribose is
the sugar in the nucleosides used to synthesize DNA, and
nucleoside triphosphates with ribose are used to synthesiz
RNA. Two phosphate groups are removed to add the nu
cleotide to a growing strand of DNA; hydrolysis of the nu-
cleoside is exergonic and provides energy to make the new

bonds in the DNA strand (Figure 8.4).

Figure 8.5 provides more detail about the many st
that go into this complex process.

©-0 Once the parental DNA is unwound and stabi-

lized, the replication fork forms at a fixed site called
the origin of replication.

® One new DNA strand, called the leading strand,
synthesized continuously as the DNA polymerase
m{we:-; toward the replication fork making DNA 10
the 5" — 3/ direction.

O Remember that DNA polymerase can only add new o
cleotides to Fhe 3" end, 50 a short piece of RNA called
?JHNI;N;JI:EHHTE“ made by primase, starts synthesis:
end of th ?E;I]Pdhe can then add nucleotides to the ?

€ RINA. Cmnsequemly, the lagging strand
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Enzymes unwind the
parental double
helix.

© Proteins stabilize the
unwound parental DNA.

4V
n

Parental
strand

polymerase

o The lagging strand is
synthesized discontinuously.

RNA polymerase synthesizes a
short RNA primer, which is then
extended by DNA polymerase.

FIGURE 8.5 A summary of events at the DNA replica-
tion fork. Enzymes at the replication fork unwind the parental
double helix. DNA polymerase synthesizes a continuous strand of
new DNA, using one of the parentol sirands as a femplate. DNA
polymerase also uses the other parental strand as a template, but

Q Why is one strand of DNA synthesized discontinuously?

o
5

{a @el
A

r\/ DNA polymerase

e DNA polymerase
digests RNA primer
and replaces it with DNA.,

Microbial Genetics CHAPTER 8 am

FIGURE 8.4 Adding a nucleotide to
DHA. \z\'ln-n 1 N l@csic |-~ III[ ,I,. ‘-'.['-Ih e
lmf‘ul*. oy the sUgar I a qr WA NC) DINA
strand, 1t loses two plh _v;ph: s H\,'rll{ﬂy.'-.i!-
of the lf':ht ﬂ;pht]h* bonds oI swicles the en

OH

}/

;.qfhz ['f_n Tl'uf* reachon

Q Why is one strand “upside-down”
relative to the other strand? Why can't both
strands "face” the same way?

The leading strand is
synthesized continuously
by DNA polymerase.

DNA polymerase

Okazaki fragment

DNA ligase

!

(¥

L_J'
0 0NA ligase joins
the discontinuous
fragments of the
lagging strand.

because the orientation of the sugars is opposite, RINA poly
merase slarts the synthesis by adding a short sireich of RINA
called an RNA primer. The DINA pa|_,frr|e-a'r15f: fJ|g+’;;’f‘.. away the
RNA as it makes a small piece of DNA. The small units are
subsequently jcined by DNA ligase
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Q What is the origin of replication?

new DNA is ssnthesed i pieces consisting of about
1000 nucleotides. called Okazala fragmenss. as the DNA
polymerase moves away from the replication fork.

@ DNA polymerase removes the RNA primer, and
@ the enzyme DNA ligase joins the newly made DNA
fragments.

replicoted. Nofice that one of the new helices is perpendiculor
o the ofher. (b) A diogrom of the bidirectional replication of o
circulor bocierial DNA molecule.

DNA replication by some bacteria, such as E. coli, 20¢*
budrecionally around the chromosome ( Figure 8.6). Twe

replication forks move in opposite directions away from
the ongin of replication. Because the bacterial chrom™
some is a closed loop, the replication forks eventually me¢
when replication is completed. The two loops must be
separated by a topoisomerase. Much evidence shows @
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nnimr.‘i:-uiun between the bacterial pl;unm membrane and
the origin of replication. After duplication, if cach copy of
Ihl'f ”rigin ""ll'ufm 1y Iltt' II'IL'T]I]“]'HIIL' at oppx S ¢ |1H|t:~., []u-n
each daughter cell would receive one copy of the DNA
molecule—that is, one complete chromosome.

DNA replication is an amazingly accurate Process.
T-,rpicn”y. mistakes are made at a rate of only 1 in cvery
10'Y bases incorporated. Such accuracy is largely due to
the f?‘r“h‘ﬁ't’ihff?'.ﬁ l’”l‘t'l"]”}' of DNA I““l'h’nu:r;mn As each
new base is added, the enzyme evaluates whether it
forms the proper complementary base-pairing structure.
If not, the enzyme excises the improper base and
replaces 1t with the correct one. In this way, DNA repli-
cation can be performed very accurately, allowing each
daughter chromosome to be virtually identical to the
parcnfﬂ| DNA. wnimation: Go to The Microbiology
Place websile M and click “Animations” to view DNA

Replication

RNA AND PROTEIN SYNTHESIS

LEARN!KG OBJECTIVE

e Describe protein synthesis, including transcription, RNA
processing, and translation.

How is the information in DNA used to make the proteins
that control cell acrivities? In the process of transcription,
genetic information in DNA is copied, or transcribed, into
a complementary base sequence of RNA. The cell then
uses the information encoded in this RNA to synthesize
specific proteins through the process of translation. We
now take a closer look at these two processes as they occur

in a bacterial cell.

TRANSCRIPTION

Transcription is the synthesis of a complementary
strand of RNA from a DNA template. We will discuss
transcription in prokaryotic cells here. Transcription in
eukaryotes is discussed on page 226. As mentioned
earlier, there are three kinds of RNA in bacterial cells:
messenger RNA, ribosomal RNA, and transfer RNA.

Ribosomal RNA forms an integral part of ribosomes, the
cellular machinery for protein synthesis. Transfer RNA
is also involved in protein synthesis, as we will see. Mes-
senger RNA (mRNA) carries the coded information
for making specific proteins from DNA to ribosomes,

where proteins are synthesized.
During transcription, a strand of mRNA is synthesized

using a specific gene—a portion of the cell’s DNA—as a
template. In other words, the genetic information stored in
the sequence of nitrogenous bases of DNA is rewritten so
that the same information appears in the base sequence of

Microbial Genetics CHAPTER 8 223

mRNA. As in DNA replication, a G in the DNA template
dictates a C in the mRNA being made, a C in the DNA
template dictates a G in the mRNA, and a T in the DNA
template dictates an A in the mRNA. However, an A in
the DNA template dictates a uracil (U) in the mRNA be-
cause RNA contains U instead of T, (U has a chemical
structure shghtly different from T, but it base-pairs in the
same way.) If, for example, the template portion of DNA
has the base sequence 3'-ATGCAT, the newly synthesized
mRNA strand will have the complementary base sequence
5'-UACGUA.

The process of transcription requires both an enzyme
called RNA polymerase and a supply of RNA nucleotides
(Figure 8.7). Transcription begins when

© RNA polymerase binds to the DNA at a site called
the promoter. Only one of the two DNA strands
serves as the template for RNA synthesis for a given
gene. Like DNA, RNA is synthesized in the 5" > 3’
direction.

® RNA polymerase assembles free nucleotides into a
new chain, using complementary base pairing as a
guide.

® As the new RNA chain grows, RNA polymerase
moves along the DNA.

O RNA synthesis continues until RNA polymerase
reaches a site on the DNA called the terminator.

©® When this happens, RNA polymerase and the newly
formed, single-stranded mRNA are released from the

DNA.

The process of transcription allows the cell to produce
short-term copies of genes that can be used as the direct
source of information for protein synthesis. Messenger
RNA acts as an intermediate between the permanent
storage form, DNA, and the process that uses the infor-
mation, translation. $!* Animation: Go to The Microbiology
Place website or CD-ROM and click “Animations” lo view

Transcription.

TRANSLATION
We have seen how the genetic information in DNA is trans-
ferred to mRNA during transcription. Now we will see how
mRNA serves as the source of information for the synthesis
of proteins. Protein synthesis is called translation because it
involves decoding the “language” of nucleic acids and con-
verting that information into the “language” of proteins.
The language of mRNA is in the form of codons,
groups of three nucleotides. such as AUG, GGC, or
AAA. The sequence of codons on an mRNA molecule
determines the sequence of amino acids that will be in
the protein being synthesized. Each codon “codes” for a
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FIGURE 8.7 The process of transcription. [he orienting diagram indicates the
relationship of transcription to the overall flow of genetic information within a cell.

Q In transcription, what is copied and what is made?
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Degeneracy allows for a certain amount of change, or
mutation, in the DNA without affecting the protein ulti-
mately pnnluwd.

Of the 64 codons, 61 are sense codons and 3 are non-
ense codons. Sense codons code for amino acids, and
nonsense codons (also called stop codons) do not. Rather,
the nonsense codons—UAA, UAG, and UGA-—signal
the end of the protein molecule’s synthesis. The start
codon that initiates the synthesis of the protein molecule
.« AUG, which is also the codon for methionine. In bacte-
ria, the start AUG codes for formylmethionine rather than
the methionine found in other parts of the protein. The
itiatine methionine is often removed later, so not all
proteins begin with methionine.

The codons of mRNA are converted into protein
through the process of translation. The codons of an
nRNA are “read” sequentially; and, in response to each
codon, the appropriate amino acid is assembled into a
srowing chain. The site of translation is the ribosome, and
transfer RNA (tRNA) molecules both recognize the
specific codons and transport the required amino acids.

Each tRNA molecule has an anticodon, a sequence
of three bases that is complementary to a codon. In this
way, 2 tRNA molecule can base-pair with its associated
codon. Each tRNA can also carry on its other end the
amino acid coded for by the codon that the tRNA recog-
nizes. The functions of the ribosome are to direct the or-
derly binding of tRNAs to codons and to assemble the
amino acids brought there into a chain, ultimately pro-
ducing a protein.

Figure 8.9 on pages 226-227 shows the details of

translation.

© The necessary components assemble: the two riboso-
mal subunits, a tRNA with the anticodon UAC, and
the mRNA molecule to be translated, along with sev-
eral additional protein factors. This sets up the initia-
tor codon (AUG) in the proper position to allow
translation to begin.

@ The first tRNA binds to the start codon, bringing
with it the amino acid methionine.

® When the tRNA that recognizes the second codon
moves into position on the ribosome, the first amino
acid is transferred by the ribosome.

O After the ribosome joins the two amino acids with
a peptide bond, the first tRNA molecule leaves the
ribosome.

® The ribosome then moves along the mRNA to the
next codon.

O As the proper amino acids are brought into line one
by one, peptide bonds are formed between them, and a
polypeptide chain results. (See Figure 2.14, page 45.)
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FIGURE 8.8 The genetic code. The three nucleofides in an

mRNA codon are designated, respectively, as the first posifion,
second position, and third position of the codon on the mRINA.

Each set of three nucleotides specifies a particular amine acid,
represented by a three-letter abbreviation (see Table 2.4, page 44).
The codon AUG, which specifies the amino acid methionine, is
also the start of protein synthesis. The word Stop identifies the
nonsense codons that signal the termination of protein synthesis.

Q Why is the genetic code described as degenerate?

@ Translation ends when one of the three nonsense
codons in the mRNA is reached.

When the ribosome arrives at this codon, it comes
apart into its two subunits, and the mRNA and newly
synthesized polypeptide chain are released. The ribo-
some, the mRNA, and the tRNAs are then available

to be used again.

(8]

The ribosome moves along the mRNA in the 5" = 3’
direction. As a ribosome moves along the mRNA, it will
soon allow the start codon to be exposed. Additional ribo-
somes can then assemble and begin synthesizing protein.
In this way, there are usually a number of ribosomes
attached to a single mRNA, all ar various stages of protein
synthesis. In prokaryotic cells, the translation of mRNA
into protein can begin even before transcription is complete
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o The place on the ribosome where the first tRNA sits is
called the P site. In the A site next to it, the second
cocon of the mRNA pairs with a tRNA carrying the
second amino acid.

FIGURE 8.9 The process of translation. The overall goal
of trenslation is fo produce proteins using mRNAs as the source of
biological information. The complex cycle of events illustrated
here shows the primary role of RNA and ribosomes in the decod-
ing of this information. The ribosome acls as the site where the

Q Why is this process called translation?.

(Figure 8.10). Because mRNA is produced in the cyto-
plasm, the start codons of an mRNA being transcribed are
available to ribosomes before the entire mRNA molecule
is even made.
In eukaryotic cells, tra nscription takes place in the nu-
cleus. The mRNA must be completely synthesized and
moved through the nuclear membrane 1o the eytoplasm
before translation can begin. In addition, the RNA under-
goes processing before it leaves the nucleus, In cukaryotic
cells the regions of genes that code for proteins are often
interrupted by noncoding DNA. Thus. cukaryotic genes
are cnmpnscd Uf €Xons, thL‘ rt;:iuma n”‘»‘Nﬁ L‘.I')'H'L'SSL‘:L llml
introns, the intervening regions of DNA that do not en-
code protein (Figure 8.11).

The first amino acid joins to the second by a peptide
bond, and the first tRNA is released.

mRNA-encoded information is decoded, as well as the site where
individual amino acids are connected into polypeptide chains.
The IRNA molecules act as the actual “ranslators”—one end of
each IRNA recognizes a specific mRNA codon, while the ofhier
end carries the amino acid coded for by that codon.

@ In the nucleus of o cukaryotic cell, RNA polymerase
synthesizes an RNA molecule containing exons and
introns called an RNA transcript.

@ This long RNA is then processed by ribozymes, which
remove the intron-derived RNA and splice together
the exon-derived RNA producing an mRNA.

© The resulting MRNA |¢
rRNA and

_ aves the nucleus to be used by
tRNA for protein synthesis,

* % %

To su mmarize, genes

are the unirs of alkis atiof
encoded by the of biological informati

hL'l-L W ~ gy Y ¥
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released

0 Finally, the last tRNA is released, and the ribosome
comes apart. The released polypeptide forms a new

When the ribosome reaches a stop codon, the
polypeptide is released.
protein.

FIGURE 8.9 The process of translation. (continued)

A cell’s genetic machinery and its metabolic machinery are
integrated and interdependent. Recall from Chaprer 5 that
the bacterial cell carries out an enormous number of meta-
bolic reactions. The common feature of all metabolic reac-
tions is that they are catalyzed by enzymes. Also recall
from Chapter 5 (page 122) that feedback inhibition stops
a cell from performing unneeded chemical reactions. Feed-
back inhibition stops enzymes that have already been syn-
thesized. We will now look at mechanisms to prevent
synthesis of enzymes that are not needed.

We have seen that genes, through transcription and
translation, direct the synthesis of proteins, many of which
serve as enzymes—the very enzymes used for cellular me-

THE REGULATION OF BACTERIAL |
tabolism. Because protein synthesis requires a tremendous

gene is expressed, or turned into a product within the cell,
through the processes of transcription and translation. The
genetic information carried in DNA is transferred to a tem-
porary mRNA molecule by transcription. Then, during
translation, the mRNA directs the assembly of amino acids
into a polypeptide chain: mRNA attaches to a ribosome,
tRNAs deliver the amino acids to the ribosome as directed
by the mRNA codon sequence, and the ribosome assembles
the amino acids into the chain that will be the newly syn-
thesized protein. ;%> Animation: Go to The Microbiology Place
website or CD-ROM and click “Animations” to view Translation.

GENE EXPRESSION expenditure of energy, the regulation of protein synthesis is

LEARNING OBJECTIVE important to the cell’s energy economy. The cell conserves

energy by making only those proteins needed at a particular

. Exp|ﬂin the regulation of gene expression in bacteria by time. We will next look at how chemical reactions are reg-
induction, repression, and catabolite repression. ulated by controlling the synthesis of the enzymes.
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Many genes, perhaps 60-80%, are not regulated but are
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Q Why can translation begin before transcription is complete .
Y -
prokaryoles but nol in eukaryotes?

E 8.10 simulta

FIGUR ,-
tion in bacteria. The micr

processes; the enzymes of glycolysis are examples, The
production of other enzymes 15 regulated so that they are

ly when needed. Trypanosoma, the protozog,
parasite that causes African sleeping sickness, has hyp,
dreds of genes coding for surface glycoproteins. Each py,
rozoan cell turns on only one glycoprotein gene at a tige
As the host's immune system kills parasites with one type
of surface molecule, parasites expressing a different surface
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glycoprotein can confinue to grow.

REPRESSION AND INDUCTION

Two genetic control mechanisms known as repression and
induction regulate the transcription of mMRNA and conge.
quently the synthesis of enzymes from them. These mech.
anisms control the formation and amounts of enzymes in
the cell, not the activities of the enzymes.

REPRESSION

The regulatory mechanism that inhibits gene expression
and decreases the synthesis of enzymes is called repression.

FIGURE 8.11 RNA processing

Exon
in eukaryotic cells.

Q Why can’t the RNA transcript be
used for translation?

€S and proteins in the

logether the exon-derived RNA into mRNA.

0 After further modification the mature mRNA
traveis 1o the cytoplasm. where it

directs protein synthesis

Nucleus

e Processing involves ribozym
nucleus to remove the intron-derived RNA and splice

/

Cytoplasm
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Repression is usually a response to the overabundance of an
end-product of a metabolic pathway; it causes a decrease in
the rate of synthesis of the enzymes leading to the forma-
tion of that product. Repression is mediated by regulatory
proteins called repressors, which block the ability of RNA
polymerase 1o initiate transcription from the repressed
genes. The default position of a repressible gene is on.

INDUCTION

The process that turns on the transcription of a gene or
genes is induction. A substance that acts to induce tran-
scription of a gene is called an inducer, and enzymes that
are synthesized in the presence of inducers are inducible en-
:}rmcs. Thv CeNes ros ]uirvd tor h’u:hﬂr:v lnt_‘tnl‘mliﬁln in E. CGII'
are a well-known example of an inducible system. One of

these genes codes for the enzyme B-galactosidase, which

splits the substrare lactose into two simple sugars, glucose
and galactose. (B refers to the type of linkage that joins the
glucose and galactose.) If E. coli is placed into a medium in
which no lactose is present, the organisms contain almost
no B-galactosidase; however, when lactose is added to the
medium, the bacterial cells produce a large quantity of the
enzyme. Lactose is converted in the cell to the related
compound allolactose, which is the inducer for these
senes; the presence of lactose thus indirectly induces the
cells to synthesize more enzyme. The default position of an
inducible gene is off.

THE OPERON MODEL OF GENE EXPRESSION

Details of the control of gene expression by induction and
repression are described by the operon model. Frangois
Jacob and Jacques Monod formulated this general model
in 1961 to account for the regulation of protein synthesis.
They based their model on studies of the induction of
the enzymes of lactose catabolism in E. coli. In addition to
B-galactosidase, these enzymes include lac permease,
which is involved in the transport of lactose into the cell,
and transacetylase, which metabolizes certain disaccha-
rides other than lactose.

The genes for the three enzymes involved in lactose
uptake and utilization are next to each other on the bac-
terial chromosome and are regulated together (Figure
8.12a). These genes, which determine the structures of
proteins, are called structural genes to distinguish them
from an adjoining control region on the DNA. When
lactose is introduced into the culture medium, the lac
structural genes are all transcribed and translated rapidly
and simultaneously. We will now see how this regulation
VCCUTS.

In the control region of the lac operon are two relatively
short segments of DNA. One, the promoter, is the region of
DNA where RNA polymerase initiates transcription. The

Microbial Genetics CHAPTER 8 229

other is the operator, which is like a traffic light that acts
as a go or stop signal for transcription of the structural
genes. A set of operator and promoter sites, and the struc-
tural genes they control, are what define an operon; thus,
the combination of the three lac structural genes and the
adjoining control regions is called the lac operon.

© Near the lac operon on the bacterial DNA is a regula-

tory gene called the I gene, which codes for a repressor
protein.

@ When lactose is absent, the repressor protein binds
tightly to the operator site. This binding prevents
RNA polymerase from transcribing the adjacent struc-
tural genes; consequently, no mRNA is made and no
enzymes are synthesized.

@ But when lactose is present, some of it is transported
into the cells and converted into the inducer allolac-
tose. The inducer binds to the repressor protein and
alters it so it cannot bind to the operator site. In the
absence of an operator-bound repressor protein, RNA
polymerase can transcribe the structural genes into
mRNA, which is then translated into enzymes. This is
why, in the presence of lactose, enzymes are produced.
Lactose is said to induce enzyme synthesis, and the lac
operon is called an inducible operon.

In repressible operons, the structural genes are tran-
scribed until they are turned off, or repressed (Figure 8.12b).

© The genes for the enzymes involved in the synthesis of
tryptophan are regulated in this manner.

® The structural genes are transcribed and translated,
leading to tryptophan synthesis.

©® When excess tryptophan is present, the tryptophan
acts as a corepressor binding to the repressor protein.
The repressor protein can now bind to the operator,
stopping further tryptophan synthesis.

POSITIVE REGULATION

Regulation of the lactose operon also depends on the level
of glucose in the medium, which in turn controls the
intracellular level of the small molecule cyclic AMP
(cAMP), a substance derived from ATP that serves as a
cellular alarm signal. Enzvmes that metabolize glucose are
constitutive, and cells grow at their maximal rate with
glucose as their carbon source because they can use it
most efticiently (Figure 8.13). When glucose is no longer
available, cAMP accumulates in the cell. The cAMP
binds to the allosteric site of catabolic activator protein
(CAP). CAD then binds to the lac promoter, which initi-
ates transcription by making it easier for RNA polymerase
to bind to the promoter. Thus transcription of the lac
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(a) Growth on glucose or lactose alone

FIGURE 8.1° The ¢growth rate of E. coli on glucose

and lactose. he steeper the straight line, the faster the growth.
(@) Bacterio growing on glucose as the sole carbon source grow
foster than on lactase. (b) Bacteria growing in a medium containing
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(b) Growth on glucose and lactose
combined

glucose and lactose first consume the glucose, and then, after a short
lag time, the lactose. During the lag time, intracellular cAMP increases,

the lac operon is transcribed, more laclose is transported into the cell,
and B-galaciosidase is synthesized fo break down lactose.

Q When boti. ¢lucose and lactose are present, why will cells use glucose first?

Promoter

\

.

b

\—p lacZ

fac! |
pNA O T g |
N \J Operator
CAP-binding site RNA
polymerase
can bind

and transcribe

EAMP ‘ x ,"I’ ‘
% i
: rActive

e
o

 sicRoval CAP Inactive lac
VP repressor
2 3
Inactive
CAP

(a) Lactose present, glucose scarce (CAMP level high) If glucose
is scarce, the high level of cAMP activates CAP, and the /ac operon
produces large amounts of mRNA for lactose digestion.

Promoter
M,
lacl [ \ lacZ

m_ Bl R
Operator
CAP-binding site \ RNA 7

,I polymerase
/ can't bind

Inactive lac
repressor

Inactive
CAP

(b) Lactose present, glucose present (CAMP level low) WWhen
glucose is present, CAMP is scarce, and CAP is unable to
stimulate transcription.

FIGURE 8.1% Positive regulation of the lac operon.

(a) The enzymes for lactose digestion are synthesized it lactose is
present and the cell lacks an energy source. (b) The enzymes for
lactose digestion are not produced if the cell has sufficient energy.

Q Will transcription of the lac operon occur in the presence of
lactose and glucose? In the presence of lactose and the ab-
sence of glucose? In the presence of glucose and the absence

of lactose?

operon requires both the presence of lactose and the

absence of glucose (Figure 8.14).
Cyclic AMP is an example of an alarmone, a chemical

alarm signal that promotes a cell’s response to environ-
mental or nutritional stress. (In this case, the stress is the
lack of glucose.) The same mechanism involving cAMP
allows the cell to grow on other sugars. Inhibition of the
metabolism of alternative carbon sources by glucose is
termed catabolite repression (or the glucose effect).
When glucose is available, the level of cAMP in the cell is
low, and consequently CAP is not bound. £;% Animation: Go
to The Microbiology Place website or CD-ROM and click “Anima-

tions” to view Operons.

MUTATION: CHANGE
IN THE GENETIC MATERIAL
A mutation is a change in the base sequence of DNA.

Such a change in the base sequence of a gene will some-
times cause a change in the product encoded by that gene.
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For example, when the gene for an enzyme mutates, the
»OL [ess

enzyme encoded by the gene may become mactive
active because its amino acid sequence has changed. Such

a change in genotype may be disadvantageous, Of even

lethal, if the cell loses a phenotypic trait it needs. How-

ever, a mutation can be beneficial if, for instance, the al-
tered enzyme encoded by the mutant gene lhas a new Or
Yenhanced activity that benefirs the cell.

| (neutral); the change

Many simple mutations are silent
. in the activity of

in DNA base SEYUEeNCE Causcs 1o chang:
the product encoded by the gene. Silent mutations com-

monly occur when one nucleotide is substituted for

anuther in the DNA, especially at a location correspond-
ing to the third position of the mRNA codon. Because of
the LEL‘;;‘_Q"T".L"'E';:'L."}' of the oenetic code, the [‘Eﬁil]['iﬂjﬁ, Nnew
codon might still code
amino acid is changed, the function of the protein may not
change if the amino acid is in a nonvital portion of the

protein, or is chemically very similar to the original amino

for the same amino acid. Even if the

acid.

TYPES OF MUTATIONS

LEARNING OBJECTIVE
¢ Classify mutations by type, and describe how mutations

|
!
\ are prevented or repaired.

The most common type of mutation involving single
base pairs is base substitution (or point mutation), in
which a single base at one point in the DNA sequence is
replaced with a different base. When the DNA repli-
cates, the result is a substituted base pair (Figure 8.15).
For example, AT might be substituted for GC, or CG for
GC. If a base substitution occurs within a gene that codes
for a protein, the mRNA transcribed from the gene will
carry an incorrect base at that position. When the
mRNA is translated into protein, the incorrect base may
cause the insertion of an incorrect amino acid in the pro-
tein. If the base substitution results in an amino acid sub-
stitution in the synthesized protein, this change in the
DNA is known as a missense mutation (Figure 8.16a
and b). - -

The effects of such mutations can be dramatic. For ex-
ample, sickle cell disease is caused by a single change in
the gene for globin, the protein component of hemoglo-

qovement of the cells through small capillaries is Steatly
mov

impeded.
Ry creati
an mRNA molecule,

ng a nonsense (stop) cndr{n it:1 the “_“ddle of
some base :;uhst}tutmns Eﬁe’:ti‘v‘ely

o f‘*‘h’“lhu:-;i::. of a k-lp.nqwlete functional PTDte'm;
T 51,'[1[Iw.-~..i:n-;]. A base substitution resul.
Ao is thus called a nonsense myg,_

prevent tl
only a fragment

ing in a nonsense cod

1 | » 8.16¢).

tion (Figure O. | -
]J,C.,;-',Li,:.,‘ ]1:1:.,[-,1'1;11!" mutations, th(‘.‘fﬁ' arc alSU ChangES il"l

DNA called frameshift mutations, in which one or a fe,

i 1 C z e S e
I"nlt.‘h‘uti{lu pmr:-; ATE t,ft:h‘tf.‘i.{ or thTtEd in the DNP\

(Figure 8.16d). This mutation can shift the “translationg)
re:a:_{inp_ (rame”—that 1, the three-by-three grouping of
nucleotides recognized as codons by the tRNAs during
cranslation. For example, deleting one nucleotide pair iy
of a gene causes changes in many amino acids
downstream from the site of the original mutation
Frameshift mutations almost always result in a long stretch
of altered amino acids and the production of an inactive

protein from the mutated gene. In most cases, a nonsense
codon will eventually be encountered and thereby termi.

nate translation.

Occasionally, mutations occur where significant numbers
of bases are added to (inserted into) a gene. Huntington}
disease. for example, is a progressive neurological disorder
caused by extra bases inserted into a particular gene. The
reason these insertions occur in this particular gene is still

the middle

being studied.
Base substitutions and frameshift mutations may occur

spontaneously because of occasional mistakes made dur-
ing DNA replication. These spontaneous mutations
apparently occur in the absence of Eri{gnutation—causing
agents. Agents in the environment, such as certain chem-
icals and radiation, that directly or indirectly bring about
mutations are called mutagens. Almost any agent that
can chemically or physicaily react with DNA can poten-
tially cause mutations. A wide variety of chemicals, many
of which are common in nature or in households, are
known to be mutagens. Many forms of radiation, includ-
ing X rays and ultraviolet light, are also mutagenic, as dis
cussed shortly.

In the microbial world, certain mutations result in e
sistance to antibiotics (see the box in Chapter 26, page
793) or altered pathogenicity. A mutation in a gene en”
coding the outer membrane may Increase pathogeniciﬂ'?

bin. Hemoglobin is primarily responsible for transporting
oxygen from the lungs to the tissues. A single missense
mutation, a change from an A to a T at a specific site, re-
sults in the change from glutamic acid to valine in the
protein. The effect of this change is that the shape of the
hemoglobin molecule changes under conditions of low
oxyeen, altering the shape of the red blood cells such that

for example, Salmonella typhimurium with an altered outer
membrane can survive in phagc-cytes. A mutation in @
;apauleﬂenindmg gene may result in decreased pathogenictty
ecause phagocytes can des e e iny tHe
gocytes can destroy the bacteria, as in O

cases nt. brnj:pruaoccus pneumoniae, Haemophilus influenit
and Neisseria meningitdis.
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0 During DNA rephcation

a thyrmne is ncorporated
opposite Quanne by
Mkt 2k g

o in the next round of
rephication. a0enine
pairs with ihe new
tymne, yxe\Ging arn
A-T pair in place of
the original G-C pair.

7 Granddaughter DNA

€ vwrenmanAis
transcribed from
the DNA containing
this substitution. a
codon is progduced
that, during translation,
codes for 2 difierent
amino acid, tyrosine
insiead of cysisne.

FIGURE 8.15 Base substitution. This mutation leads o an altered protein in o
granddaughter cell.

Q Does a base substitution always result in a different amino acid?

MUTAGENS nitrous acid can convert the base adenine (A) to a form
that no longer pairs with thymine (T) bur instead pairs

LEARNING OBJECTIVES with cytosine (C). When DNA conraining such moditied

* Define mutagen. adenines replicates, one daughter DNA molecule will

have a base-pair sequence different from that of the par-
ent DNA. Eventually, some AT base pairs of the parent
CHEMICAL MUTAGENS will have been changed to GC base pairs in a grand-
daughter cell. Nitrous acid makes a specific base-pair
change in DNA. Like all mutagens, it alters DNA at ran-
dom locations.

* Describe two ways mutations can be repaired.

One of the many chemicals known to be a mutagen is
nitrous acid. Figure 8.17 shows how exposure of DNA to

Scanned by TapScanner



234 PART ONE  Fundamentals of Microbiology

ONA (coding sirand)
LHI b L rj i""‘}
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|

g 1

Ay & eIy £

(@) Norma DNA moecuse

(d) Frameshift mutation

chemical mutagen is the nucleoyd,

l are ﬂﬂﬂtiMIh “mik‘ ey I‘Hw
analog. 1hese ﬂlﬁ'i;:ﬁ have slightly altered base

ML # . x
PRl nl}"“ﬁ ; h*‘ } AT gnﬂ'lfﬂ: .md '}-hﬂmgl;ﬂ_l]‘at
rerties Exampies, 4 , ' :
e n Figure 8.18. When nucleoside analogs are giye,
% 18iL ¢ | | &
grow ing cells the analogs are "‘-’"‘“‘r;':'f INCOTPOrated
) TN . | . |
into cellular DINA I E lace of the W’.Ir,ma r;nk.mf-h,
DNA replication. the analogs cause mists es in
ing DNA . +1v paired bases will be copied duting
PAITing. [ he incarred rl:” 3 ” | ..
'QII!W'H]lH:r:r rti;lla f[lfﬁ] l}i f}i{' [J}\Ai fﬁ"lu [Im lrt bm p
substitutions in the progeny cells. Srm ﬂfl'l:;lral and
antitumor drugs are nucleoside analogs, including AZY
fazidrﬁi;*:rm.hne}. OTc of the promary dru@ used 1o trea

HIV infection. |
Sesll other chemical mutagens cause small deletions o

i certions, which can result in frameshifts. 'Fm‘imamq

under certain conditions, benzopyrene, “'h'ch 15 presem

- smoke and soot, is an effective frameshift mutagen

Aflatoxin—produced by Aspergillus flavus ( 3'5F'fff']ﬂ fus

fl3'vus), 2 mold that grows on peanuts and grain—is 2
frameshift mutagen, as are the acridine dyes used experi.
mentally against herpesvirus infections. Frameshift muta.
gens usually have the right size and chemical pr(pertm 0
slip between the stacked base pairs of the DNA double
helix. They may work by slightly offsetting the two strands
of DNA., leaving a gap or bulge in one strand or the other
When the staggered DNA strands are copied during DNA
synthesis, one or more base pairs can be inserted or deleted
in the new double-stranded DNA. Interestingly, frameshift

mutagens are often potent carcinogens.

Another type o

1* [T

RADIATION

X rays and gamma rays are forms of radiation that are potent
mutagens because of their ability to ionize atoms and mole-
cules. The penetrating rays of ionizing radiation cause elec-
trons to pop out of their usual shells (see Chapter 2). These
electrons bombard other molecules and cause more damage,
and many of the resulting 1ons and free radicals (molecular
fragments with unpaired electrons) are very reactive. Some
of these ions can combine with bases in DNA, resulting in
errors in DNA replication and repair that produce mut2
tions. An even more serious outcome is the breakage of
covalent bonds in the sugar-phosphate backbone of DNA.

which causes physical breaks in chromosomes.

FIGURE 8.16 Types of mutations and their effects on
the amino acid sequences of proteins.

Q On what basis are missense, nonsense, and frameshift muts-
tions distinguished?
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FIGURE 8.17 Nitrous acid (HNO,) as a mutagen, The nilrous acid alters an

adening In Su h o way that it pairs with Cytosine instead of Ihyrﬂin{-}.

Another form of mutagenic radiation is ultraviolet Bacteria and other organisms have enzymes that can
(UV) light, a nonionizing component of ordinary sunlight.  repair UV.induced damage. Photolyases, also known as
However, the most mutagenic component of UV light  light-repair enzymes, usc visible light energy to separate the
(wavelength 260 nm) 1s «creencd out by the ozone layer of — dimer back to the original two thymines. Nucleotide ex-
the armosphere. The most important effect of direct UV cision repair, shown in Figure 8.19, is not restricted to
light on DNA is the formation of harmful covalent bonds  UV-induced damage; it can repair mutations from other
between certain bases. Adjacent thymines in a DNA  causes as well, Enzymes cut out the incorrect base and fill
«trand can cross-link to form thymine dimers. Such dimers,  in the gap with newly synthesized DNA that is comple-
unless repaired, may cause serious damage or death to the  mentary to the correct strand. For many ycars biologists
cell because it cannot properly transcribe or replicate such  questioned how the incorrect base could be distinguished

DNA. from the correct base if it was not physically distorted like
NORMAL NITROGENOUS BASE ANALOG FIGURE 8.18 Nucleoside
H analogs and the nitrogenous
\ H N H bases they replace. / nur laoside
H N — r[: *—i / y p " | .
ChOH ¢ \f/ N i \r i\ is phosphorylated and the resulting
N / \N N N nucleotide used to synthesize DINA,
¥ af} |
. 2 N% N <NH Q Why do these drugs kill cells?
Adenine nucleoside 2-Aminopurine nucleoside

(a) The 2-aminopurine is incorporated into DNA in place of adenine but can pair with cytosine, so an
AT pair becomes a CG pair.

CH,OH CH,OH )G]*\
- I N—H
H H H H J
H X O
OH H OH I
Br
Thymine nucleoside S-Bromouracil nucleoside

(b) 5-bromouracil is used as an anticancer drug because it is mistaken for thyrmine by cellular
enzymes but pairs with cytosine. In the next DNA replication, an AT pair becomes a GC pair.
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Ultraviolet light

Exposure 10
ultraviole! lighl
causes adjacent
thymines o become
cross-linked, forming
a thymine dimer and
disrupting their
normal base pairing.

Thymine aimei

L

',_-I- T Lr'_-\w-"lr-q

S
' | L ?h |

9 An endonuclease
cuts the DNA, and
an exonuclease
removes the
damaged DNA.

11 B |} 11 1
= ' TN B i 7
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New DNA
o DNA polymerase

fills the gap

by synthesizing
new DNA, using
the intact strand
as a template.

' O DONA ligase
8k seals the
LIllilllili'!lllil - remaining gap by
5 joining the old
- ' . . k" and new DNA.

FIGURE 8.19 The creation and repair of a thymine
dimer caused by ultraviolet light. Afier exposure fo UV light
adjacent thymines can become cross-linked, forming a thymine |
dimer. In the absence of visible light, the nucleotide excision re-
pair mechanism is used in a cell to repair the damage.

Q How do excision repair enzymes “know™ which strand is incorrect?

a thymine dimer. In 1970, Hamilton Smith provided the
answer with the discovery of methylases. These enzymes
add a methyl group to selected bases soon after a DNA
strand is made. A repair endonuclease then cuts the nop.
methylated strand.

\V liﬂh[ In humans, such as hy Exc‘fﬁﬂi%
number of thymine dimer, h
jay result in skin ¢

Exposure to U
ses a large

suntanning, cau | !
Jdimers 0 aNcen

e colls ‘Y il‘ELI
skin cells. Unrepa il iAo b
”h T M_lf.'ﬂ“ﬂ Plj_;lﬂLﬂ’[”hl” . € thtLLI 'L"{],n_

sults in increased sensitivity to UV lighy
I | Y1 T - )
i nucleotide excision repair; consequenj,
risk of skin cancer. .

Humans w
dition that re
have a defect
th'ﬁ. have an il'u:rt:;l.'-.vd

THE FREQUENCY OF MUTATION

( r t ARNING OBJEX | VE

+ Describe the effect of mutagens on the mutation rate.

The mutation rate is the DI ;}\Hhility that a gene will M.
cate when a cell divides. The rate 1s usually stated 4 é

of 10, and because mutations are very rare, the ey,
ays a negative number. For example, if there
< one chance in 10,000 that a gene will mutate when the
cell divides, the mutation rate 1s 1/10,000, which is ey
pressed as 104, Spontaneous mistakes in DNA replic,.
tion occur at a very low rate, perhaps only once in 1¢’
replicated base pairs (a mutation rate of 10™°). Because
the average gene has about 10’ base pairs, the spontaneoys
rate of mutation is about one in 10° (a million) replicated

power
ponent is alw

genes.
Mutations usually occur more or less randomly along

chromosome. The occurrence of random mutations at low
frequency is an essential aspect of the adaptation of species
to their environment, for evolution requires that genetic
diversity be generated randomly and at a low rate. For ex-
ample, in a bacterial population of significant size—say,
greater than 10’ cells—a few new mutant cells will always
be produced in every generation. Most mutations either
are harmful and likely to be removed from the gene pool
when the individual cell dies or are neutral. However, a
few mutations may be beneficial. For example, a mutation
that confers antibiotic resistance is beneficial to a popula-
tion of bacteria that is regularly exposed to antibiotics.
Once such a “trait has appeared through mutation,
cells carrying the mutated gene are more likely than other
cells to survive and reproduce as long as the environment
stays the same. Soon most of the cells in the population

will have the gene: an evolutionary change will have
occurred, although on a small scale.

A mutagen usy
mutation, which is
factor of 10—

ally Increases the spontaneous rate of
about one in 10° replicated genes, by

| 1000 times. In other words, in the presence of
4 mutagen, the normal rate of 196

cated gene becomes 4 rate of 107>
gene. Mutagens are yse

production of muytant
properties of microorga

mutations per repli
to 107 per replicated
; experimentally to enhance the
cells for research on the genetiC
nisms and for commercial purpose
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