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gene structure, the genetic code, and mutation. Thus we begin by
considering bacterial genetics in this chapter and the next. Because of the
distinctive characteristics of eukaryotes and archaea, the replication and
expression of their genomes are discussed in chapter 15.

Readiness Check:
Based on what you have learned previously, you should be able to:

Define the terms genome, chromosome, plasmid, haploid, diploid,
genotype, and phenotype

Outline the flow of geneticinformation, identifying the processesused
Draw a simple diagram that illustrates the chemical moieties found
in nucleotides (section 12.6)

State the base-pairing rules

Describe the structure of bacterial genomes (section 3.6)

'L 5 5

13.1T DNA as Genetic Material

After reading this section, you should be able to:

m Summarize Griffith’s experiments on transformation
= Relate how the contributions of Avery, MaclLeod, McCarty,
Hershey, and Chase confirmed that DNA stores genetic material

Although it is now hard to imagine, it was once thought that
DNA was too simple a molecule to store genetic information. It
is composed of only four different nucleotides, and it seemed
that a molecule of much greater complexity must house the
genetic information of a cell. It was argued that proteins, being
composed of 20 different amino acids, were the better candidate
for this important cellular function.

The early work of Fred Griffith in 1928 on the transfer of
virulence in the pathogen Streptococcus pneumoniae, commonly
called pneumococcus, set the stage for research showing that
DNA was indeed the genetic material. Griffith found that if he
boiled virulent bacteria and injected them into mice, the mice
were not affected and no pneumococci could be recovered from
the animals (figure 13.1). When he injected a combination of
killed virulent bacteria and a living nonvirulent strain, the mice
died; moreover, he could recover living virulent bacteria from
the dead mice. Griffith called this change of nonvirulent bacteria
into virulent pathogens transformation.

Oswald Avery and his colleagues then set out to discover
which constituent in the heat-killed virulent pneumococci was re-
sponsible for transformation. These investigators used enzymes to
selectively destroy DNA, RNA, or protein in purified extracts of
virulent pneumococci (S cells). They then exposed nonvirulent

pneumococcal strains (R strains) to the
treated extracts. Transformation of
the nonvirulent bacteria was
blocked only if the DNA was
destroyed, suggesting that
DNA was carrying the
information required for
transformation (figure 13.2).

The publication of these studies by Avery, C. M. MacLeod, and
M. J. McCarty in 1944 provided the first evidence that DNA
carried genetic information.

Eight years later, Alfred Hershey and Martha Chase wanted
to know if protein or DNA carried the genetic information of a
bacterial virus called T2 bacteriophage. They performed exper-
iments in which they made the virus’s DNA radioactive with
*?p, or they labeled its protein coat with **S. They mixed radio-
active virions with Escherichia coli and incubated the mixture
for a few minutes. This allowed the virions to attach to E. coli
and begin multiplying. The suspension was then agitated vio-
lently in a blender to shear off any adsorbed bacteriophage par-
ticles (figure 13.3). After centrifugation, radioactivity in the
supernatant (where the phage particles remained) versus the
bacterial cells in the pellet was determined. They found that
most radioactive protein was released into the supernatant,
whereas P DNA remained within the bacteria. Since DNA en-
tered the cells and T2 progeny were produced, the phage DNA
must have been carrying the genetic information. Some luck
was involved in their discovery, for the genetic material of many
viruses is RNA and the researchers happened to select a DNA
virus for their studies. Imagine the confusion if T2 had been an
RNA virus! The controversy surrounding the nature of genetic
information might have lasted considerably longer than it did.

Subsequent studies on the genetics of viruses and bacteria
were largely responsible for the rapid development of molecular
genetics. Furthermore, much of the recombinant DNA technol-
ogy described in chapter 17 has arisen from studies of bacterial
and viral genetics. Research in microbial genetics has had a
profound impact on biology as a science and on technology that
affects everyday life.

Retrieve, Infer, Apply

1. Briefly summarize the experiments of Griffith; Avery, MaclLeod, and
McCarty:; and Hershey and Chase.

2. Explain how protein was ruled out as the molecule of genetic
information storage in each of the experiments performed by these
important microbiologists.

13.2 Nucleic Acid and Protein Structure

After reading this section, you should be able to:

=m Draw schematic representations of DNA, RNA, and amino acids
that show their major features

m Compare and contrast the structure of DNA and RNA

m identify the covalent bonds that are used to link nucleotides together
to form a nucieic acid and amino acids together to form a polypeptide

DNA, RNA, and proteins are often called informational mole-
cules. The information exists as the sequence of monomers
from which they are built. Here we describe the monomers and
how they are linked together to form these important macro-
molecules.
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Figure 13.1 Griffith’'s Transformation Experiments. (a) Mice died of pneumonia when injected with pathogenic strains of pneumococci, which have a
capsule and form smooth-looking colonies (S strains). (b) Mice survived when injected with nonpathogenic strains of pneumococci, which lack a capsule and
form rough colonies (R strains). () Injection with heat-killed S strains had no effect. (d) Injection with a live R strain and a heat-killed S strain gave the mice

pneumonia, and live S strain pneumococci could be isolated from the dead mice.
MICRO INQUIRY Based on what we now know about proteins, why can we conclude from this exp that g fi
proteins?

DNA Structure

Deoxyribonucleic acid (DNA) is a polymer of deoxyribonu-
cleotides (figure 13.4) linked together by phosphodiester
bonds (figure 13.5a). It contains the bases adenine, guanine,
cytosine, and thymine. DNA molecules are very large and are
usually composed of two polynucleotide chains coiled together
to form a double helix 2.0 nm in diameter (figure 13.5). The
monomers of DNA are called deoxyribonucleotides because
the sugar found in them is deoxyribose (figure 13.4b). The
bond that links the monomers together to form the polymer is

was unlikely to be carried by

called a phosphodiester bond because it consists of a phos-
phate that forms a bridge between the 3°-hydroxyl of one
sugar and the 5 -hydroxyl of an adjacent sugar. Purine and
pyrimidine bases are attached to the 1 " -carbon of the deoxyri-
bose sugars, and the bases extend toward the middle of the
cylinder formed by the two chains. (The numbers designating
the carbons in the sugars are given a prime to distinguish them
from the numbers designating the carbons and nitrogens in the
nitrogenous bases.) The bases from each strand interact with
those of the other strand, forming base pairs. The base pairs are
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Figure 13.4 The Composition of Nucleic Acids. (a) A diagram showing the relationships of various nucleic acid components. Combination of a purine or
pyrimidine base with ribose or deoxyribose gives a nucleoside (a ribonucleoside or deoxyribonucleoside). A nucleotide contains a nucieoside and one or more
phosphates. Nudeic acids result when nucleotides are connected together in polynucleotide chains. (b) Examples of nucleosides—adenosine and
2"-deoxyadenosine-—and the nucleotide 2"-deoxyadenosine monophosphate. The carbons of nucleoside and nucleotide sugars are indicated by numbers with

primes to distinguish them from the carbons in the bases.

MICRO INQUIRY 7o which carbon of ribose (deoxyribose) is each of the following bonded: adk

stacked on top of each other in the center, one base pair every
0.34 nm. The purine adenine (A) of one strand is always paired
with the pyrimidine thymine (T) of the opposite strand by two
hydrogen bonds. The purine guanine (G) pairs with cytosine (C)
by three hydrogen bonds. This AT and GC base pairing means
that the two strands in a DNA double helix are complementary.
In other words, the bases in one strand match up with those of the
other according to specific base-pairing rules. Because the
sequences of bases in these strands encode genetic information,
considerable effort has been devoted to determining the base
sequences of DNA and RNA from many organisms, including
hundreds of microbes. PP Microbial genomics (chapter 18)

The two polynucleotide strands of DNA fit together much
like the pieces in a jigsaw puzzle. Inspection of figure 13.5b,c
shows that the two strands are not positioned directly opposite
one another. Therefore when the strands twist about one another,
a wide major groove and narrower minor groove are formed by
the backbone. There are 10.5 base pairs per turn of the helix, and
each turn of the helix has a vertical length of 3.4 A. The helix is
right-handed; that is, the chains turn counterclockwise as they
approach a viewer looking down the longitudinal axis. The two
backbones are antiparallel, which means they run in opposite
directions with respect to the orientation of their sugars. One end
of each strand has an exposed 5’-hydroxyl group, often with
phosphates attached, whereas the other end has a free 3"-hydroxyl
group (figure 13.5a). In a given direction, one strand is oriented
5° to 3” and the other, 3" to 5" (figure 13.5b).

The structure of DNA just described is that of the B form,
the most common form in cells. Two other forms of DNA have
been identified. The A form primarily differs from the B form in
that it has 11 base pairs per helical turn, rather than 10.5, and a
vertical length of 2.6 A, rather than 3.4. Thus it is wider than the
B form. The Z form is dramatically different, having a left-handed

and the hydroxyls of adenasine and di denosine?
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helical structure, rather than right-handed as seeninthe Band A
forms. The Z form has 12 base pairs per helical turn and a vertical
rise of 3.7 A. Thus it is more slender than the B form. At this
time, it is unclear whether the A form is found in cells. However,
evidence exists that small portions of chromosomes can be in
the Z form. The role, if any, for these stretches of Z DNA is un-
known. @ DNA Structure

There is another property of DNA that needs to be ad-
dressed: supercoiling. DNA is helical; that is, it is a coil. When-
ever the rotation of a coil is restrained in some way, it causes
the coil to coil on itself. The coiling of a coil is supercoiling.
Recall that most bacterial chromosomes are closed, circular
double-stranded DNA molecules. In this state, the two strands
are unable to rotate freely relative to each other, and the mole-
cule is said to be strained. The strain is relieved by supercoil-
ing. There are two types of supercoiling: positive and negative.
For DNA, these are defined by the change in number of base
pairs per turn in the double helix. As just discussed, the B form
of DNA has 10.5 base pairs per turn of the helix. Supercoiling
that decreases the number of base pairs per turn is said to be
negative supercoiling. Likewise, supercoiling that increases the
number of base pairs per turn is called positive supercoiling.
Bacterial chromosomes are generally negatively supercoiled.

What is the importance of supercoiling? Supercoiling helps
compact DNA so that it fits into the cell. Importantly for this
chapter, supercoiling also “loosens” up the DNA, making it
easier to separate the two strands from each other. Separation of
the two strands is an important early step in both DNA replica-
tion and transcription, as we discuss in sections 13.3 and 13.5,
respectively. Furthermore, positive supercoiling is often intro-
duced into DNA during DNA replication. This can interfere
with DNA replication and must be removed, as we discuss in
section 13.3.
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Figure 13.6 The General Structure of an Amino Acid. All amino
acids have a central carbon (the a carbon) to which are attached a carboxyl
group (COOH), an amino group (NH,), and a side chain (R). Amino acids differ
in terms of their side chains, which may be nonpolar, polar, negatively charged
(acid), or positively charged (basic)

charged. The peptide bonds linking the amino acids together are
formed by a reaction between the carboxyl group of one amino
acid and the amino group of the next amino acid in the protein
(figure 13.7). A polypeptide has polarity just as DNA and RNA
do. At one end of the chain is an amino group, and at the other
end is a carboxyl group. Thus a polypeptide has an amino or N
terminus and a carboxyl or C terminus.

Proteins do not typically exist as extended chains of amino
acids. Rather, they fold back on themselves to form three-
dimensional structures, often more or less spherical in shape. The
final shape is determined to a large extent by the sequence of
amino acids in the polypeptide. This sequence is called the pri-
mary structure. Secondary and tertiary structures result from the
folding of the chain. Finally, two or more polypeptide strands can
interact to form the final, functional protein. This level of structure
is called quaternary structure. These higher levels of structure are
stabilized by intra- (and inter-) chain bonds. Protein structure is
described in more detail in Appendix 1.

Retrieve, Infer, Apply

1. What are nucleic acids? How do DNA and RNA differ in structure?

2. What does it mean to say that the two strands of the DNA double
helix are compl y and antipai figure 13.5b and
explain the differences between the minor and major grooves.

3. Amino acids are described as nonpolar, polar, and charged, depending
on the molecular makeup of their side chains. Which type of amino
acid might be found in the transmembrane portion of a polypeptide
located in a cell’s plasma membrane? Explain your answer.

13.3 DNA Replication in Bacteria

After reading this section, you should be able to:

® Describe a bacterial replicon

W Summarize the events that occur during the three phases of
DNA replication

®m Create a table or concept map that illustrates the function of the
major proteins found in a bacterial replisome

= List the enzymatic and structural elements needed by DNA
polymerases for DNA synthesis

= Outline the major events that occur at the replication fork
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Figure 13.7 Peptide Bonds Link Amino Acids Together in
Peptide Chains. A tetrapeptide chain is shown. One of the peptide
bonds linking the four amino acids together is highlighted in blue. At one
end of the peptide is an amino group (@amina or N terminal); at the other
end is a carboxyl group (carboxyl or C terminal).

MICRO INQUIRY [dentify the two other peptide bonds of the

Parental helix

Replication fork

Figure 13.8 Semiconservative DNA Replication. The replication fork
of DNA showing the synthesis of two progeny strands. Newly synthesized
strands are purple. Each copy contains one new and one old strand.

DNA replication is an extraordinarily important and complex
process upon which all life depends. During DNA replication, the
two strands of the double helix are separated; each then serves as
a template for the synthesis of a complementary strand according
to the base-pairing rules. Each of the two progeny DNA mole-
cules consists of one new strand and one old strand, and DNA
replication is said to be semiconservative (figure 13.8). DNA
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replication is also extremely accurate; E. coli makes errors with a
frequency of only 10 ? or 10~ '° per base pair replicated (or about
one in a million [107°] per gene per generation). Despite its com-
plexity and accuracy, replication is very rapid. In bacteria, repli-
cation rates approach 750 to 1,000 base pairs per second. Most of
our discussion in this section is based on studies of chromosomal
DNA replication in E. coli.

Bacterial DNA Replication Initiates

from a Single Origin of Replication

The replication of chromosomal DNA begins at a single point,
the origin of replication. Synthesis of DNA occurs at the rep-
lication fork, the place at which the DNA helix is unwound and
individual strands are replicated. Two replication forks move out-
ward from the origin until they have copied the whole replicon—
the portion of the genome that contains an origin that is

(b) Micrograph of an E. coli
chromosome during replication

i
0.25 um

replicated as a unit. When the replication forks move around the
circular chromosomes observed in most bacteria, a structure
shaped like the Greek letter theta (0) is formed (figure 13.9).
Because the bacterial chromosome is a single replicon, the forks
meet on the other side and two separate chromosomes are re-
leased. Less is known about the replication of linear bacterial
chromosomes. One well-studied organism with linear chromo-
somes belongs to the spirochete genus Borrelia. The replication of its
chromosomes is considered on p. 300. ® DNA Replication Fork;
Bidirectional DNA Replication

Replication Machinery

DNA replication is essential to organisms, and a great deal
of effort has been devoted to understanding its mechanism.
The replication of E. coli DNA requires at least 30 proteins.
As we describe in chapter 15, many of the archaeal and eukaryotic

Figure 13.9 Bidirectional Replication of the E. coli Chromosome. (a) Replication begins at one site on the chromosome, called the origin of replication.
Two replication forks proceed in opposite directions from the origin until they meet at a site called the replication termination site (ter). A theta structure is a
commonly observed intermediate of the process. (b) An autoradiograph of a replicating £. coli chromosome; about one-third of the chromosome has been replicated.
To the right is a schematic representation of the chromosome. Parental DNA is blue; new DNA strands are purple; arrow represents direction of fork movement.



replication enzymes and proteins differ from those used by
bacterial cells. In general, the archaeal replication machinery is
more similar to the eukaryotic machinery than it is to the bac-
terial system. Despite these differences, the overall process of
DNA replication is similar in all organisms.

Enzymes called DNA polymerases catalyze DNA synthesis.
All known DNA polymerases catalyze the synthesis of DNA in
the 5° to 3° direction, and the nucleotide to be added is a deoxy-
nucleoside triphosphate (dANTP). Deoxynucleotides are linked by
phosphodiester bonds formed by a reaction between the hydroxyl
group at the 3" end of the growing DNA strand and the phos-
phate closest to the 5° carbon (the a-phosphate) of the incoming
deoxynucleotide (figure 13.10). The energy needed to form the
phosphodiester bond is provided by release of the terminal two
phosphates as pyrophosphate (PP,) from the nucleotide that is
added. The PP, is subsequently hydrolyzed to two separate phos-
phates (P)). Thus the deoxynucleoside triphosphates dATP, dTTP,

DNA polymerase reaction
DNA polymerase
, dGTP, dCTP, dTTP| DNA + nPP,
n[dATP, ] -

The mechanism of chain growth
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Figure 13.10 The DNA Polymerase Reaction. The hydroxylof
the 3" terminal deoxyribose makes a nucleophilic attack on the
o-phosphate of the nucleotide substrate (in this example, adenosine
attacks cytidine triphosphate).

MICRO INQUIRY What provides the energy to fuel this reaction?
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dCTP, and dGTP serve as DNA polymerase substrates while de-
oxynucleoside monophosphates (AINMPs: dAMP, dTMP, dCMP,
dGMP) are incorporated into the growing chain. ® How Nucleo-
tides Are Added in DNA Replication

For DNA polymerase to catalyze the synthesis of DNA, it
needs three things. The first is a template, which is read in the 3~
to 5° direction and is used to direct the synthesis of a complemen-
tary DNA strand. The second is a primer (e.g., an RNA strand or
a DNA strand) to provide a free 3 "~-hydroxyl group to which nu-
cleotides can be added (figure 13.10). The third is a set of dNTPs.
E. coli has five different DNA polymerases (DNA polymerase
I-V). DNA polymerase 11l plays the major role in replication, al-
though it is assisted by DNA polymerase 1.

DNA polymerase 111 holoenzyme is a multifunctional en-
zyme composed of 10 different proteins. Most evidence sug-
gests that within the complex are found two core enzymes
(figure 13.11), although some evidence for three core poly-
merases exists. Each core enzyme binds one strand of DNA
and is responsible for catalyzing DNA synthesis and proof-
reading the product to ensure fidelity of replication. Associ-
ated with each core enzyme is a subunit called the B clamp.
The B clamp tethers a core enzyme to the DNA. At the center
of the holoenzyme, and represented by an octopus-like
structure in figure 13.11, is a complex of proteins called the
clamp loader, which is responsible for loading the B clamp
onto DNA. A dimer of another protein (tau) holds the holo-
enzyme together. Because there are two core enzymes, both
strands of DNA are bound by a single DNA polymerase 111
holoenzyme.

DNA polymerase III holoenzyme is only one component of
a huge complex of proteins called the replisome (table 13.1).

B clamp Core enzyme (ae8)

Figure 13.11 DNA Polymerase lll Holoenzyme. The holoenzyme
consists of two core enzymes (each composed of three different proteins; o, £,
6, not shown) and several other proteins. Each core enzyme is assodiated with
a B damp, which tethers a DNA tempiate to the core enzyme. The two tau (1)
proteins connect the two core enzymes to a large complex called the damp
loader, so named because it loads B clamps onto DNA.
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Table 13.1 Components of the E. coli Replication Machinery

Protein
DnaA
DnaB

DNA gyrase

SSB proteins

DnaC

DNA primase

DNA polymerase |l holoenzyme

Function
Initiation cf replicaticn; binds crigin cf replicatien (criC)

Helicase (5°—37): breaks hydrogen bonds holding two strands of double helix together:
promctes DNA primase activity: invelved in primoscme assembly

Relieves supercoiling of DNA produced as DNA ds are sep. d by helicases. separates
daughter molecules in final stages of replication

Bind single-stranded DNA after strands are separated by helicases
Helicase lcader: helps direct DnaB pr (heli 1 to DNA el

Synthesis of RNA primer; component of primoscme

Complex of about 20 polypeptides: catalyzes most of the DNA synthesis that occurs during
DNA replication; has 3 5" exonuclease (procfreading) activity

DNA polymerase | Removes RNA primers: fills gaps in DNA formed by rer | of RNA p

Ribonuclease H Removes RNA primers

DNA ligase Seals nicked DNA_ joining DNA fragments together

Tus Termination of rephication

Topolsomerase IV Separation of ch upon pletion of DNA replicaticn
Other proteins found in the replisome include helicases, synthesis without an existing 3 °-OH. It appears that primase re-
single-stranded DNA binding proteins, and topoisomerases quires the assistance of several other proteins, and the complex
(figure 13.12). Helicases are responsible for separating (un- of primase and its accessory proteins is called the primosome
winding) the DNA strands just ahead of the replication fork, (table 13.1). The primosome is another important component of
using energy from ATP hydrolysis. Single-stranded DNA the replisome.
binding proteins (SSBs) keep the strands apart once they have As noted, DNA polymerase enzymes synthesize DNA in
been separated, and topoisomerases relieve the tension gener- the 5° to 3° direction. Therefore only one of the strands, called
ated by the rapid unwinding of the double helix (the replication the leading strand, can be synthesized continuously at its
fork may rotate as rapidly as 75 to 100 revolutions per second). 3" end as the DNA unwinds (figure 13.12). The other strand,
This is important because rapid unwinding can lead to the for- called the lagging strand, cannot be extended in the same direc-
mation of positive supercoils in the helix ahead of the replica- tion as the movement of the replication fork because there is no
tion fork, and these can impede replication if not removed. free 3°-OH to which a nucleotide can be added. As a result, the
Topoisomerases change the structure of DNA by transiently lagging strand is synthesized discontinuously in the 5" to 3°
breaking one or two strands without altering the nucleotide direction (i.e., in the direction opposite of the movement of the
sequence of the DNA (e.g., a topoisomerase might tie or untie replication fork) and produces a series of fragments called
a knot in a DNA strand). DNA gyrase is an important topoi- Okazaki fragments, after their discoverer, Reiji Okazaki.
somerase in E. coli. It is not only important during DNA repli- Discontinuous synthesis occurs as primase makes many RNA
cation but also for introducing negative supercoiling in the primers along the template strand. DNA polymerase III then
bacterial chromosome that helps compact it. M4  Nucleoid extends these primers with DNA, and eventually the Okazaki
(section 3.6) fragments are joined to form a complete strand. Thus while the

Once the template is prepared, the primer needed by DNA leading strand requires only one RNA primer to initiate synthesis,

polymerase III can be synthesized. An enzyme called primase the lagging strand has many RNA primers that must eventually
synthesizes a short RNA strand, usually around 10 nucleotides be removed. Okazaki fragments are about 1,000 to 2,000 nucleo-
long and complementary to the DNA; this serves as the primer tides long in bacteria and approximately 100 nucleotides long in
(figure 13.12). RNA is used as the primer because unlike DNA eukaryotic cells. ® DNA Replication; Structural Basis of DNA

polymerase, RNA polymerases (such as primase) can initiate RNA Replication
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Figure 13.12 Other Replisome Proteins. A single replication
fork showing the activity of replisome proteins other than DNA
polymerase |l holoenzyme (not shown) is illustrated. DnaB helicase is
responsible for separating the two strands of parental DNA. The
strands are kept apart by single-stranded DNA binding proteins (SSB),
which allows for synthesis of an RNA primer by DNA primase. DNA
gyrase eases the strain introduced into the DNA double helix by
helicase activity. Both leading strand and lagging strand synthesis are
illustrated. The lagging strand is synthesized in short fragments called
Okazaki fragments. A new RNA primer is required for the synthesis of
each Okazaki fragment.

MICRO INQUIRY What is the difference between helicase and gyrase?
Which isa

Events at the Replication Fork

The details of DNA replication are outlined in figure 13.13. We
present replication as a series of discrete steps, but in the cell
these events occur quickly and simultaneously on both the
leading and lagging strands. In E. coli, DNA replication is initi-
ated at specific nucleotides called the oriC locus (for origin of
chromosomal replication). This site is AT rich. Recall that ad-
enines pair with thymines using only two hydrogen bonds, so
AT-rich segments of DNA become single stranded more read-
ily than do GC-rich regions. This is important for initiation of
replication.
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1. The bacterial initiator protein DnaA is responsible for
triggering DNA replication. DnaA proteins bind regions
in oriC throughout the cell cycle, but to initiate
replication, DnaA proteins must bind a few particular
oriC sequences. The presence of DnaA at these sites
recruits a helicase (usually DnaB helicase) to the origin.

2. The helicase unwinds the helix with the aid of
topoisomerases such as DNA gyrase (figure 13.13, step 1).
The single strands are kept separate by SSBs.

3. Primase synthesizes RNA primers as needed (figure 13.13,
step 1). A single DNA polymerase 111 holoenzyme catalyzes
both leading strand and lagging strand synthesis from the
RNA primers. Lagging strand synthesis is particularly
amazing because of the “gymnastic” feats performed by the
holoenzyme. It must discard old B clamps (figure 13.13,
step 3), load new B clamps (figure 13.13, step 2), and tether
the template to the core enzyme with each new round of
Okazaki fragment synthesis. All of this occurs as DNA
polymerase 111 is synthesizing DNA.

4. After most of the lagging strand has been synthesized
by the formation of Okazaki fragments, DNA polymerase I
removes the RNA primers. DNA polymerase I does this
because, unlike other DNA polymerases, it has the ability
to snip off nucleotides one at a time starting at the 5" end
while moving toward the 3° end of the RNA primer. This
ability is referred to as 5” to 3° exonuclease activity. DNA
polymerase I begins its exonuclease activity at the free 5°
end of each RNA primer. With the removal of each
ribonucleotide, the adjacent 3"-OH from the
deoxynucleotide is used by DNA polymerase I to fill the
gap between Okazaki fragments (figure 13.14).

5. Finally, the Okazaki fragments are joined by the enzyme DNA
ligase, which forms a phosphodiester bond between the
37-OH of the growing strand and the 5 °-phosphate of an
Okazaki fragment (figure 13.15).

Amazingly, DNA polymerase III, like all DNA polymerases
(except DNA polymerases called reverse transcriptases), has an
additional function that is critically important: proofreading.
Proofreading is the removal of a mismatched base immediately
after it has been added; its removal must occur before the next
base is incorporated. One of the protein subunits of the DNA
polymerase III core enzyme (the € subunit) has 3" to 5° exonuclease
activity. This activity enables the polymerase core enzyme to
check each newly incorporated base to see that it forms stable
hydrogen bonds. In this way, mismatched bases can be detected.
If the wrong base has been mistakenly added, the exonuclease
activity is used to remove it (figure 13.16). A mismatched base
can be removed only as long as it is still at the 3° end of the grow-
ing strand. Once removed, holoenzyme backs up and adds the
proper nucleotide in its place. DNA proofreading is not 100%
efficient, and as discussed in chapter 16, the mismatch repair sys-
tem is the cell’s second line of defense against the potential harm
caused by the incorporation of the incorrect nucleotide. ® Proof-
reading Function of DNA Polymerase
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DNA primase begins synthesis of the RNA
primer for the next Okazaki fragment to be synthesized.
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Figure 13.13 Events at the Replication Fork. DNA polymerase Ill holoenzyme and other components of the replisome are responsible for the synthesis of
both leading and lagging strands. The arrows show the movement of each DNA core polymerase. After compietion of each new Okazaki fragment, the oid B damp
is discarded and a new one loaded onto the tempiate DNA (steps 2 and 3) This is achieved by the activity of the damp loader (figure 13.11) Okazaki fragments are
eventually joined together after removal of the RNA primer and synthesis of DNA to fill the gap, both catalyzed by DNA polymerase | (igure 13.14) DNA ligase then
seals the nick and joins the two fragments (figure 13.15).
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As we have seen, DNA polymerase 111 is a remarkable mul-
tiprotein complex, with several enzymatic activities. In E. coli,
the polymerase component is encoded by the dnaE gene. Bacil-
lus subtilis, a Gram-positive bacterium that is another important
experimental model, has a second polymerase gene called
dnaEg,. Its protein product appears to be responsible for synthe-
sizing the lagging strand. Thus while the overall mechanism by
which DNA is replicated is highly conserved, there can be varia-
tions in replisome components.

Termination of Replication

In E. coli, DNA replication stops when the replisome reaches a
termination site (fer) on the DNA. A protein called Tus binds
to the ter sites and halts progression of the forks. In many
other bacteria, replication stops spontaneously when the
forks meet. Regardless of how fork movement is stopped,
there are two problems that often must be solved by the
replisome. One is the formation of interlocked chromosomes
called catenanes (figure 13.17a). The other is a dimerized
chromosome—two chromosomes joined together to form a sin-
gle chromosome twice as long (figure 13.175). Catenanes are pro-
duced when topoisomerases break and rejoin DNA strands to ease
supercoiling ahead of the replication fork. The two daughter DNA
molecules are separated by the action of other topoisomerases that
break both strands of one molecule, pass the other DNA molecule

Figure 13.15 The DNA Ligase Reaction. Bacterial ligases
use the pyrophosphate bond of NAD™ or ATP as an energy source.

MICRO INQUIRY Why can't DNA polymerase | perform this
reaction?
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Figure 13.16 The Proofreading (Editing) Function of DNA Polymerase.

through the break, and then rejoin the strands (figure 13.17a).
Dimerized chromosomes result from DNA recombination that
sometimes occurs between two daughter molecules during DNA
replication. Recombinase enzymes (e.g., XerCD in E. coli) cata-
lyze an intramolecular cross-over that separates the two chro-
mosomes (figure 13.17b).

Replication of Linear Chromosomes

All eukaryotic chromosomes and some bacterial chromosomes
are linear. In both cases, this poses a problem during replication
because all DNA polymerases synthesize DNA in the 5" to 3°
direction from a primer that provides a free 3"-OH. When the
RNA primer for the Okazaki fragment at the 5’ end of the daugh-
ter strand is removed, the daughter molecule is shorter than the
parent molecule. Over numerous rounds of DNA replication and
cell division, this leads to a progressively shortened chromo-
some. Ultimately the chromosome loses critical genetic informa-
tion, which is lethal to the cell. This problem is called the “end
replication problem,” and a cell must solve it if it is to survive.
Eukaryotic cells have solved the end replication problem with an

Doubk Ao hraak

FEROREF N 4

mmﬁdhh‘hﬂ
chromosome through the gap

(a) R stion of cat d daughter
chromosomes by a topoisomerase

Qm

Cross-over
occurs at ter site.

(b) Resolution of dimerized chromosome
by the XerCD recombinase
Figure 13.17 Resolving Catenated and Dimerized Chromosomes.
(@) Catenated chromosomes arise from the activity of topoisomerases during
chromosome replication. Accordingly, they are resolved by topoisomerases.
(b) Dimerized chromasomes arise from recombination events that can occur
during chromosome replication between the daughter chromosomes. They

are resolved by recombinase enzymes such as XerCD of £ coli. These enzymes
catalyze 2 goss-over that separates the two chromosomes.
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Figure 13.18 Replication of a Borrefia burgdorferi Linear Chromosome.

enzyme called telomerase, as we describe in chapter 15. Bacteria
have taken a different approach. PPl Tel es and tel ases
(section 15.2).

Of those bacteria having linear chromosomes, the best un-
derstood mechanism for solving the end replication problem is
that used by Borrelia burgdorferi. The approach B. burgdorferi
cells use is to disguise the ends so well that they aren’t really ends.
How are the ends disguised? Consider a typical linear, double-
stranded DNA molecule. At each terminus of the double helix is
a strand having a 3'-OH and the complementary strand having a
5’-phosphate. Now examine figure 13.18, which shows that B.
burgdorferi chromosomes do not have these free ends. Rather, a
phosphodiester bond links the two complementary strands
together. This is made possible by inverted repeats at each termi-
nus and the formation of a hairpin. The origin of replication is
located between the hairpins. Interestingly, only leading strand
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synthesis occurs at each replication fork. When replication is
complete, a circular molecule has been formed that is twice the
length of the parent chromosome. Thus it is a dimerized chromo-
some. An enzyme called telomere resolvase (ResT) cuts the two
chromosomes apart as it forms hairpin ends for each daughter
molecule.

Retrieve, Infer, Apply

1. How many replicons do typical bacterial cells have (i.e., those having
a single ch e)? How y replication forks are used to
replicate a circularch 2 Is a pri part of the
replisome, or is the replisome part of the primosome? What is the
function of each?

2. mwmmmmammmpw
< and inter DNA poly tand i,
mopoisotnense DNA gyrase, helicase, single-stranded DNA binding

Ok ki fragr t. DNA ligase, leading strand, lagging

strand.andptm

3. Outline the steps involved in DNA synthesis at the replication fork.
How do DNA polymerases correct their mistakes?

4. What is the end replication problem? How does B. burgdorferi
solve it?

13.4 Bacterial Gene Structure

After reading this section, you should be able to:
= Draw a typical bacterial protein-coding gene, and label the
important portions of the gene and the conventions for
numbering base pairs in the gene
= Draw typical tRNA- and rRNA-coding genes

DNA replication allows genetic information to be passed
from one generation to the next. But how is the information
used? To answer that question, we must first look at how ge-
netic information is organized. The basic unit of genetic in-
formation is the gene. Genes have been regarded in several
ways. At first, it was thought that a gene contained informa-
tion for the synthesis of one enzyme—the one gene-one en-
zyme hypothesis. This was modified to the one gene-one
polypeptide hypothesis because of the existence of enzymes
and other proteins composed of two or more different poly-
peptide chains (subunits) coded for by separate genes. A seg-
ment of DNA that encodes a single polypeptide is sometimes
termed a cistron. However, not all genes encode proteins;
some code instead for ribosomal RNA (rRNA) and transfer
RNA (tRNA), both of which function in protein synthesis
(figure 13.19). In addition, it is now known that some ecu-
karyotic genes encode more than one protein. Thus a gene
might be defined as a polynucleotide sequence that codes for
one or more functional products (i.e., a polypeptide, tRNA, or
rRNA). In this section, we consider the structure of each of
these three types of genes.
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Figure 13.18 Replication of a Borrefia burgdorferi Linear Chromosome.

enzyme called telomerase, as we describe in chapter 15. Bacteria
have taken a different approach. PPl Tel es and tel ases
(section 15.2).

Of those bacteria having linear chromosomes, the best un-
derstood mechanism for solving the end replication problem is
that used by Borrelia burgdorferi. The approach B. burgdorferi
cells use is to disguise the ends so well that they aren’t really ends.
How are the ends disguised? Consider a typical linear, double-
stranded DNA molecule. At each terminus of the double helix is
a strand having a 3'-OH and the complementary strand having a
5’-phosphate. Now examine figure 13.18, which shows that B.
burgdorferi chromosomes do not have these free ends. Rather, a
phosphodiester bond links the two complementary strands
together. This is made possible by inverted repeats at each termi-
nus and the formation of a hairpin. The origin of replication is
located between the hairpins. Interestingly, only leading strand
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synthesis occurs at each replication fork. When replication is
complete, a circular molecule has been formed that is twice the
length of the parent chromosome. Thus it is a dimerized chromo-
some. An enzyme called telomere resolvase (ResT) cuts the two
chromosomes apart as it forms hairpin ends for each daughter
molecule.

Retrieve, Infer, Apply

1. How many replicons do typical bacterial cells have (i.e., those having
a single ch e)? How y replication forks are used to
replicate a circularch 2 Is a pri part of the
replisome, or is the replisome part of the primosome? What is the
function of each?

2. mwmmmmammmpw
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mopoisotnense DNA gyrase, helicase, single-stranded DNA binding
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3. Outline the steps involved in DNA synthesis at the replication fork.
How do DNA polymerases correct their mistakes?

4. What is the end replication problem? How does B. burgdorferi
solve it?

13.4 Bacterial Gene Structure

After reading this section, you should be able to:
= Draw a typical bacterial protein-coding gene, and label the
important portions of the gene and the conventions for
numbering base pairs in the gene
= Draw typical tRNA- and rRNA-coding genes

DNA replication allows genetic information to be passed
from one generation to the next. But how is the information
used? To answer that question, we must first look at how ge-
netic information is organized. The basic unit of genetic in-
formation is the gene. Genes have been regarded in several
ways. At first, it was thought that a gene contained informa-
tion for the synthesis of one enzyme—the one gene-one en-
zyme hypothesis. This was modified to the one gene-one
polypeptide hypothesis because of the existence of enzymes
and other proteins composed of two or more different poly-
peptide chains (subunits) coded for by separate genes. A seg-
ment of DNA that encodes a single polypeptide is sometimes
termed a cistron. However, not all genes encode proteins;
some code instead for ribosomal RNA (rRNA) and transfer
RNA (tRNA), both of which function in protein synthesis
(figure 13.19). In addition, it is now known that some ecu-
karyotic genes encode more than one protein. Thus a gene
might be defined as a polynucleotide sequence that codes for
one or more functional products (i.e., a polypeptide, tRNA, or
rRNA). In this section, we consider the structure of each of
these three types of genes.
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*The sizes of RNA are enlarged to show

Figure 13.19 Transcription Yields Three Major Types of RNA
Molecules. Messenger RNA (mMRNA) molecules arise from transcription of
protein-coding genes. They are transiated into protein with the aid of the
other two major types of RNA: transfer RNA (tRNA) molecules carry amino
acids to the ribosome during translation; ribosomal RNA (rRNA) molecules
have several functions, including catalyzing peptide bond formation.

Protein-Coding Genes

Most of the genes found in bacterial genomes encode proteins.
However, DNA does not serve directly as the template for protein
synthesis. Rather, the genetic information in the gene is tran-
scribed to give rise to a messenger RNA (mRNA), which is trans-
lated (section 13.7) into a protein (figure 13.19). For this to occur,
protein-coding genes must contain signals that indicate where
transcription should start and stop, and signals in the resulting
mRNA that indicate where translation should start and stop. As
we describe in more detail in section 13.5, during transcription
only one strand of a gene directs mRNA synthesis. This strand is
called the template strand, and the complementary DNA strand

is known as the coding strand because it is the same nucleotide
sequence as the mRNA, except in DNA bases (figure 13.20).
Messenger RNA is synthesized from the 5" to the 3" end in a
manner similar to DNA synthesis. Therefore the polarity of the
DNA template strand is 3" to 5". In other words, the beginning of
the gene is at the 3° end of the template strand.

An important site called the is located at the start
of the gene. The promoter is the binding site for RNA polymerase,
the enzyme that synthesizes RNA. The promoter is neither tran-
scribed nor translated; it functions strictly to orient RNA poly-
merase so it is a specific distance from the first DNA nucleotide
that will serve as a template for RNA synthesis. The promoter
thus specifies which strand is to be transcribed and where tran-
scription should begin. As we discuss in chapter 14, the sequences
near the promoter often are very important in regulating when
and at what rate a gene is transcribed. PPl Regulation of tran-
scription initiation (section 14.2)

The transcription start site (labeled +1 in figure 13.20)
represents the first nucleotide in the mRNA synthesized from
the gene. However, the initially transcribed portion of the gene
does not necessarily code for amino acids. Instead, it is a lead
that is transcribed into mRNA but is not translated into amino
acids. In bacteria, the leader includes a region called the Shine-
Dalgarno sequence, which is important in the initiation of trans-
lation. The leader sometimes is also involved in regulation of
transcription and translation. P®»l Regulation of transcription
elongation (section 14.3); Regulation of tr ion (section 14.4)

Immediately next to (and downstream of) the leader is the
most important part of the gene, the coding region (figure 13.20).
The coding region typically begins with the template DNA
sequence 3 -TAC-5". This is transcribed into the start codon, 5"~
AUG-3", which codes for the first amino acid of the polypeptide
encoded by the gene. The remainder of the coding region is tran-
scribed into a sequence of codons that specifies the sequence of
amino acids for the rest of the protein. The coding region ends
with a sequence that, when transcribed, is a stop codon. It signals
the end of the protein and stops the ribosome during translation.
The stop codon is immediately followed by the trailer, which is
transcribed but not translated. The trailer contains sequences that
prepare the RNA polymerase for rel from the plate strand.
Indeed, just beyond the trailer (and sometimes slightly overlap-
ping it) is the terminator. The termi isa e that sig-
nals the RNA polymerase to stop transcription.

In bacteria, the coding region is usually continuous, unlike
the coding regions of eukaryotic genes, which are often inter-
rupted by noncodingsequences called introns. Those rare bacte-
rial genes that do contain introns are transcribed into an
intron-containing mRNA. The introns are eventually removed
but by a mechanism different than that used to remove introns
from eukaryotic mRNAs.

tRNA and rRNA Genes

Actively growing cells need a ready supply of tRNA and rRNA
molecules so that protein synthesis can occur. To ensure this,
bacterial cells often have more than one gene for each of these
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Figure 13.20 A Bacterial Structural Gene and Its mRNA Product. (3) The organization of a typical structural gene in a bacterial cell Some genes lack
leaders or trailers or both. Transcription begins at the +1 position in DNA and proceeds to the right, as shown. The numbering of nucieotides to the left of this
spot is in a negative direction, while the numbering to the right is in a positive direction. For example, the nudieotide that is immediately to the left of the +1
nucleotide is numbered —1, and the nucleotide to the right of the +1 nudeotide is numbered +2. There is no 2ero nudieotide in this numbering system. In
many bacterial promoters, sequence elements at the —35 and —10 regions play a key role in promoting transcription. During transcription, the template is read
in the 3" to 5° direction. (b) Messenger RNA product of the gene shown in part a. The first nudeotide incorporated into mRNA is usually GMP or AMP.
Translation of the mRNA begins with the AUG start codon. Regulatory sites are not shown but are usually upstream of or overlap with the promoter.

MICRO INQUIRY Why is the nontemplate strand called the “coding strand™?

molecules. Furthermore, it is important that the number of
each tRNA or rRNA relative to other tRNAs or rRNAs be con-
trolled. This is accomplished in part by having several tRNA or
rRNA genes transcribed together, under the control of a single
promoter.

In bacteria, genes for tRNA consist of a promoter, tRNA
coding region, leader, and trailer. When more than one tRNA
is transcribed from the promoter, the coding regions are sepa-
rated by short spacer sequences (figure 13.21a). Whether the
gene encodes a single tRNA or multiple tRNAs, the initial
transcript must be processed to remove the noncoding se-
quences (i.e.,leader, trailer, and spacers, if present). This is called
posttranscriptional modification, and it is accomplished by
ribonucleases—enzymes (and in some cases ribozymes) that cut
RNA. In addition, many bacterial (and archaeal) tRNA genes
contain introns that must be removed during tRNA maturation.
144  Ribozymes (section 10.6)

Bacterial cells usually contain more than one rRNA gene.
Each gene has a promoter, trailer, and terminator, and encodes all
three types of rRNA (figure 13.215). Thus, as seen for tRNA genes,

the transcript from an rRNA gene is a single, large precursor
molecule that is cut up by ribonucleases to yield the final rRNA
products. Interestingly, in many bacteria, the trailer regions and
the spacers often contain tRNA genes. Thus the precursor rRNA
encodes for both tRNA and rRNA.

Retrieve, Infer, Apply

; 1 mmmdambﬂmhwmm
! ly. the leader is said to be “upstream” of the coding
ms«maummdamum
whetheritis d or ups of the coding region:
promoter, +1 nucleotide, trailer, terminator. Which portions of a
gene are transcribed but not translated?

2. Which strand of a gene has seq es that correspond to the start
(i.e, ATG rather than AUG) and stop codons in the mRNA product of
the gene?

3. Briefly discuss the general organization of tRNA and rRNA genes. How
does their expression differ from that of protein-coding genes with
respect to posttranscriptional modification of the gene product?
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Figure 13.21 tRNA and rRNA Genes. (3) A tRNA precursor from E coli that contains two tRNA molecules. The spacer and extra nudleotides at both ends are
removed during processing. (b) The £ coli rRNA gene codes for a large transcription product that is dleaved into three rRNAs and one to three tRNAs. The 16S, 23S,
and 5S rRNA segments are represented by blue lines, and tRNA sequences are placed in brackets. The seven copies of this gene vary in the number and kind of tRNA
sequences.

13.5 Transcription in Bacteria

After reading this section, you should be able to:

lllustrate the organization of bacterial genes in a typical operon
Describe the structure of a typical bacterial RNA polymerase
holoenzyme

Outline the events that occur during the three phases of
transcription

Discuss the role of bacterial promoters and sigma factors in
transcription initiation

Distinguish factor-independent termination of transcription from
rho-dependent termination of transcription

Synthesis of RNA under the direction of DNA is called tran-
scription, and the RNA product has a sequence complementary
to the DNA template directing its synthesis. Although adenine
directs the incorporation of thymine during DNA replication, it
usually codes for uracil during RNA synthesis. Transcription
generates three major kinds of RNA. Transfer RNA (tRNA)
carries amino acids during protein synthesis, and ribosomal
RNA (rRNA) molecules are components of ribosomes. Mes-
senger RNA (mRNA) bears the message for protein synthesis.
Bacterial genes encoding proteins involved in a related process
(e.g., encoding enzymes for synthesis of an amino acid) are of-
ten located close to each other and are transcribed from a single
promoter. Such a transcriptional unit is termed an operon.
Transcription of an operon yields an mRNA consisting of a



