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lacking phosphate, is called a nucleoside. Nucleotides are nucle-
osides plus one or more phosphates (Figure 6.1). Nucleotides play
other roles in addition to comprising nucleic acids. Nucleotides,
especially adenosine triphosphate (ATP) and guanosine triphos-
phate (GTP), carry chemical energy. Other nucleotides or deriv-
atives function in redox reactions, as carriers of sugars in
polysaccharide synthesis, or as regulatory molecules.

The Nucleic Acids, DNA and RNA
The nucleic acid backbone is a polymer of alternating sugar and
phosphate molecules. The nucleotides are covalently bonded by
phosphate between the 39- (3 prime) carbon of one sugar and the
59-carbon of the next sugar. [Numbers with prime marks refer to
positions on the sugar ring; numbers without primes to positions
on the rings of the bases.] The phosphate linkage is called a
phosphodiester bond because the phosphate connects two
sugar molecules by an ester linkage (Figure 6.1). The sequence of
nucleotides in a DNA or RNA molecule is its primary structure
and the sequence of bases forms the genetic information.

In the genome of cells, DNA is double-stranded. Each chro-
mosome consists of two strands of DNA, with each strand con-
taining hundreds of thousands to several million nucleotides
linked by phosphodiester bonds. The strands are held together
by hydrogen bonds that form between the bases in one strand
and those of the other strand. When located next to one
another, purine and pyrimidine bases can form hydrogen bonds
(Figure 6.2). Hydrogen bonding is most stable when guanine (G)
bonds with cytosine (C) and adenine (A) bonds with thymine
(T). Specific base pairing, A with T and G with C, ensures that
the two strands of DNA are complementary in base sequence;
that is, wherever a G is found in one strand, a C is found in the
other, and wherever a T is present in one strand, its complemen-
tary strand has an A.

With a few exceptions, all RNA molecules are single-stranded.
However, RNA molecules typically fold back upon themselves in
regions where complementary base pairing is possible. The term
secondary structure refers to this folding whereas primary
structure refers to the nucleotide sequence. In certain large RNA
molecules, such as ribosomal RNA (Section 6.19), some parts of
the molecule are unfolded but other regions possess secondary
structure. This leads to highly folded and twisted molecules
whose biological function depends critically on their final three-
dimensional shape.

Genes and the Steps in Information Flow
When genes are expressed, the information stored in DNA is
transferred to ribonucleic acid (RNA). Several classes of RNA
exist in cells. Three types of RNA take part in protein synthesis.
Messenger RNA (mRNA) is a single-stranded molecule that
carries the genetic information from DNA to the ribosome, the
protein-synthesizing machine. Transfer RNAs (tRNAs) convert
the genetic information on mRNA into the language of proteins.
Ribosomal RNAs (rRNAs) are important catalytic and structural
components of the ribosome. In addition to these, cells contain a
variety of small RNAs that regulate the production or activity of
proteins or other RNAs. The molecular processes of genetic
information flow can be divided into three stages (Figure 6.3):
1. Replication. During replication, the DNA double helix is dupli-

cated, producing two double helices.
2. Transcription. Transfer of information from DNA to RNA is

called transcription.
3. Translation. Synthesis of a protein, using the information

carried by mRNA, is known as translation.
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Figure 6.2 Specific pairing between guanine (G) and cytosine (C)
and between adenine (A) and thymine (T) via hydrogen bonds. These
are the typical base pairs found in double-stranded DNA. Atoms that are
found in the major groove of the double helix and that interact with pro-
teins are highlighted in pink. The deoxyribose phosphate backbones of the
two strands of DNA are also indicated. Note the different shades of green
for the two strands of DNA, a convention used throughout this book.
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Figure 6.3 Synthesis of the three types of informational macromol-
ecules. Note that for any particular gene only one of the two strands of
the DNA double helix is transcribed.
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Figure 6.1 Components of the nucleic acids. (a) The nitrogen bases
of DNA and RNA. Note the numbering system of the rings. In attaching
itself to the 19 carbon of the sugar phosphate, a pyrimidine base bonds
through N-1 and a purine base bonds at N-9. (b) Nucleotide structure.
The numbers on the sugar contain a prime (9) after them because the
rings of the nitrogen bases are also numbered. In DNA a hydrogen is
present on the 29-carbon of the pentose sugar. In RNA, an OH group
occupies this position. (c) Part of a DNA chain. The nucleotides are linked
by a phosphodiester bond. In addition to the bases shown, transfer
RNAs (tRNAs) contain unusual pyrimidines such as pseudouracil and
dihydrouracil, and various modified purines not present in other RNAs
(see Figure 6.33).

Cells may be regarded as chemical machines and coding devices.
As chemical machines, cells transform their vast array of macro-
molecules into new cells. As coding devices, they store, process,
and use genetic information. Genes and gene expression are the
subject of molecular biology. In particular, the review of molecu-
lar biology in this chapter covers the chemical nature of genes,
the structure and function of DNA and RNA, and the replication
of DNA. We then consider the synthesis of proteins, macromole-
cules that play important roles in both the structure and the
functioning of the cell. Our focus here is on these processes as
they occur in Bacteria. In particular, Escherichia coli, a member of
the Bacteria, is the model organism for molecular biology and is
the main example used. Although E. coli was not the first bac-
terium to have its chromosome sequenced, this organism
remains the best characterized of any organism, prokaryote or
eukaryote.

I DNA Structure and Genetic
Information

6.1 Macromolecules and Genes
The functional unit of genetic information is the gene. All life
forms, including microorganisms, contain genes. Physically,
genes are located on chromosomes or other large molecules
known collectively as genetic elements. Nowadays, in the
“genomics era,” biology tends to characterize cells in terms of
their complement of genes. Thus, if we wish to understand how
microorganisms function we must understand how genes encode
information.

Chemically, genetic information is carried by the nucleic acids
deoxyribonucleic acid, DNA, and ribonucleic acid, RNA. DNA
carries the genetic blueprint for the cell and RNA is the interme-
diary molecule that converts this blueprint into defined amino
acid sequences in proteins. Genetic information consists of the
sequence of monomers in the nucleic acids. Thus, in contrast to
polysaccharides and lipids, nucleic acids are informational
macromolecules. Because the sequence of monomers in pro-
teins is determined by the sequence of the nucleic acids that
encode them, proteins are also informational macromolecules.

The monomers of nucleic acids are called nucleotides, conse-
quently, DNA and RNA are polynucleotides. A nucleotide has
three components: a pentose sugar, either ribose (in RNA) or
deoxyribose (in DNA), a nitrogen base, and a molecule of phos-
phate, PO4

3-. The general structure of nucleotides of both DNA
and RNA is very similar (Figure 6.1). The nitrogen bases are
either purines (adenine and guanine) which contain two fused
heterocyclic rings or pyrimidines (thymine, cytosine, and uracil)
which contain a single six-membered heterocyclic ring (Figure
6.1a). Guanine, adenine, and cytosine are present in both DNA
and RNA. With minor exceptions, thymine is present only in
DNA and uracil is present only in RNA.

The nitrogen bases are attached to the pentose sugar by a
glycosidic linkage between carbon atom 1 of the sugar and a
nitrogen atom in the base, either nitrogen 1 (in pyrimidine bases)
or 9 (in purine bases). A nitrogen base attached to its sugar, but

CHAPTER 6 • Molecular Biology of Bacteria 151

U
N

IT
 3

Cytosine 
(C)

N
H

O

NH2

N

Thymine 
(T)

N

N
H

O

O

H3C

Uracil
(U)

N

N
H

O

O

Guanine 
(G)

N

N

N

N
H

NH2

O

N

N

65

4 3
2
1

Pyrimidine bases Purine bases

Adenine 
(A)

N

N

NH2

H

5

6
7

9
8

1 2

4
3

P

O

O–

O–O

C C

O Base

OH

H H
HH C

OH
Ribose

Phosphate

C

CH2

H only
in DNA

H H

H2C BaseO

O

P O–O

H H H

H

H

H2C Base
O

O

O

5′ position

P O–O

O

Nitrogen base attached 
to 1′ ′ position

Deoxyribose

(c)

(a)

(b)

H

H

DNA DNA 
only

RNA 
only

DNA DNA

5′

4′
3′ 2′

1′

5′

4′

3′ 2′

1′

Phosphodiester
bond

3′ position

RNA RNA RNA

Figure 6.1 Components of the nucleic acids. (a) The nitrogen bases
of DNA and RNA. Note the numbering system of the rings. In attaching
itself to the 19 carbon of the sugar phosphate, a pyrimidine base bonds
through N-1 and a purine base bonds at N-9. (b) Nucleotide structure.
The numbers on the sugar contain a prime (9) after them because the
rings of the nitrogen bases are also numbered. In DNA a hydrogen is
present on the 29-carbon of the pentose sugar. In RNA, an OH group
occupies this position. (c) Part of a DNA chain. The nucleotides are linked
by a phosphodiester bond. In addition to the bases shown, transfer
RNAs (tRNAs) contain unusual pyrimidines such as pseudouracil and
dihydrouracil, and various modified purines not present in other RNAs
(see Figure 6.33).

Cells may be regarded as chemical machines and coding devices.
As chemical machines, cells transform their vast array of macro-
molecules into new cells. As coding devices, they store, process,
and use genetic information. Genes and gene expression are the
subject of molecular biology. In particular, the review of molecu-
lar biology in this chapter covers the chemical nature of genes,
the structure and function of DNA and RNA, and the replication
of DNA. We then consider the synthesis of proteins, macromole-
cules that play important roles in both the structure and the
functioning of the cell. Our focus here is on these processes as
they occur in Bacteria. In particular, Escherichia coli, a member of
the Bacteria, is the model organism for molecular biology and is
the main example used. Although E. coli was not the first bac-
terium to have its chromosome sequenced, this organism
remains the best characterized of any organism, prokaryote or
eukaryote.

I DNA Structure and Genetic
Information

6.1 Macromolecules and Genes
The functional unit of genetic information is the gene. All life
forms, including microorganisms, contain genes. Physically,
genes are located on chromosomes or other large molecules
known collectively as genetic elements. Nowadays, in the
“genomics era,” biology tends to characterize cells in terms of
their complement of genes. Thus, if we wish to understand how
microorganisms function we must understand how genes encode
information.

Chemically, genetic information is carried by the nucleic acids
deoxyribonucleic acid, DNA, and ribonucleic acid, RNA. DNA
carries the genetic blueprint for the cell and RNA is the interme-
diary molecule that converts this blueprint into defined amino
acid sequences in proteins. Genetic information consists of the
sequence of monomers in the nucleic acids. Thus, in contrast to
polysaccharides and lipids, nucleic acids are informational
macromolecules. Because the sequence of monomers in pro-
teins is determined by the sequence of the nucleic acids that
encode them, proteins are also informational macromolecules.

The monomers of nucleic acids are called nucleotides, conse-
quently, DNA and RNA are polynucleotides. A nucleotide has
three components: a pentose sugar, either ribose (in RNA) or
deoxyribose (in DNA), a nitrogen base, and a molecule of phos-
phate, PO4

3-. The general structure of nucleotides of both DNA
and RNA is very similar (Figure 6.1). The nitrogen bases are
either purines (adenine and guanine) which contain two fused
heterocyclic rings or pyrimidines (thymine, cytosine, and uracil)
which contain a single six-membered heterocyclic ring (Figure
6.1a). Guanine, adenine, and cytosine are present in both DNA
and RNA. With minor exceptions, thymine is present only in
DNA and uracil is present only in RNA.

The nitrogen bases are attached to the pentose sugar by a
glycosidic linkage between carbon atom 1 of the sugar and a
nitrogen atom in the base, either nitrogen 1 (in pyrimidine bases)
or 9 (in purine bases). A nitrogen base attached to its sugar, but

sequence of nucleotides. This information is expressed by the transcription of
a segment of DNA to yield RNA, which is then translated to form protein.
Because a cell’s structure and function ultimately depend on its genetic
makeup, we discuss how genomic sequences provide information about evo-
lution, metabolism, and disease. Finally, we consider some of the techniques
used in manipulating DNA in the laboratory. In later chapters, we will exam-
ine in greater detail the participation of nucleotides and nucleic acids in meta-
bolic processes. Chapter 24 includes additional information about nucleic acid
structures, DNA’s interactions with proteins, and DNA packaging in cells, as
a prelude to several chapters discussing the roles of nucleic acids in the stor-
age and expression of genetic information.

1 Nucleotides
K E Y  C O N C E P T S
• The nitrogenous bases of nucleotides include two types of purines and three

types of pyrimidines.
• A nucleotide consists of a nitrogenous base, a ribose or deoxyribose sugar, and

one or more phosphate groups.
• DNA contains adenine, guanine, cytosine, and thymine deoxyribonucleotides,

whereas RNA contains adenine, guanine, cytosine, and uracil ribonucleotides.

Nucleotides are ubiquitous molecules with considerable structural diversity.
There are eight common varieties of nucleotides, each composed of a nitrogenous
base linked to a sugar to which at least one phosphate group is also attached. The
bases of nucleotides are planar, aromatic, heterocyclic molecules that are struc-
tural derivatives of either purine or pyrimidine (although they are not syn-
thesized in vivo from either of these organic compounds).

The most common purines are adenine (A) and guanine (G), and the
major pyrimidines are cytosine (C), uracil (U), and thymine (T). The purines
form bonds to a five-carbon sugar (a pentose) via their N9 atoms, whereas
pyrimidines do so through their N1 atoms (Table 3-1).

In ribonucleotides, the pentose is ribose, while in deoxyribonucleotides
(or just deoxynucleotides), the sugar is 2!-deoxyribose (i.e., the carbon at
position 2¿ lacks a hydroxyl group).

Note that the “primed” numbers refer to the atoms of the pentose; “unprimed”
numbers refer to the atoms of the nitrogenous base.

In a ribonucleotide or a deoxyribonucleotide, one or more phosphate
groups are bonded to atom C3¿ or atom C5¿ of the pentose to form a 
3¿-nucleotide or a 5¿-nucleotide, respectively (Fig. 3-1). When the phosphate
group is absent, the compound is known as a nucleoside. A 5¿-nucleotide can
therefore be called a nucleoside-5¿-phosphate. Nucleotides most commonly
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FIG. 3-1 Chemical structures of
nucleotides. (a) A 5¿-ribonucleotide and (b) a
3¿-deoxynucleotide. The purine or pyrimidine base
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phosphate (red) is also attached. A nucleoside
consists only of a base and a pentose.
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There is a linear correspondence between the base sequence of
a gene and the amino acid sequence of a polypeptide. Each group
of three bases on an mRNA molecule encodes a single amino
acid, and each such triplet of bases is called a codon. This genetic
code is translated into protein by the ribosomes (which consist of
proteins and rRNA), tRNA, and proteins known as translation
factors.

The three steps shown in Figure 6.3 are used in all cells and
constitute the central dogma of molecular biology (DNA S RNA
S protein). Note that many different RNA molecules are each
transcribed from a relatively short region of the long DNA mole-
cule. In eukaryotes, each gene is transcribed to give a single
mRNA (Chapter 7), whereas in prokaryotes a single mRNA may
carry genetic information for several genes, that is, for several
protein coding regions. Some viruses violate the central dogma
(Chapter 9). Some viruses use RNA as the genetic material and
must therefore replicate their RNA using RNA as template. In
retroviruses such as HIV—the causative agent of AIDS—an RNA
genome is converted to a DNA version by a process called
reverse transcription.

MiniQuiz
• What components are found in a nucleotide?
• How does a nucleoside differ from a nucleotide?
• Distinguish between the primary and secondary structure 

of RNA.
• What three informational macromolecules are involved in genetic

information flow?
• In all cells there are three processes involved in genetic

information flow. What are they?

6.2 The Double Helix
In all cells and many viruses, DNA exists as a double-stranded
molecule with two polynucleotide strands whose base sequences
are complementary. (As discussed in Chapter 9, the genomes of
some DNA viruses are single-stranded.) The complementarity of
DNA arises because of specific base pairing: adenine always pairs
with thymine, and guanine always pairs with cytosine. The two
strands of the double-stranded DNA molecule are arranged in an
antiparallel fashion (Figure 6.4, distinguished as two shades of
green). Thus, the strand on the left runs 59 to 39 from top to bot-
toms, whereas the other strand runs 59 to 39 from bottom to top.

The two strands of DNA are wrapped around each other to
form a double helix (Figure 6.5) that forms two distinct
grooves, the major groove and the minor groove. Most proteins
that interact specifically with DNA bind in the major groove,
where there is plenty of space. Because the double helix is a reg-
ular structure, some atoms of each base are always exposed in
the major groove (and some in the minor groove). Key regions
of nucleotides that are important in interactions with proteins
are shown in Figure 6.2.

Several double-helical structures are possible for DNA. The
Watson and Crick double helix is known as the B-form or B-DNA
to distinguish it from the A- and Z-forms. The A-form is shorter
and fatter than the B-form. It has 11 base pairs per turn, and the

major groove is narrower and deeper. Double-stranded RNA or
hybrids of one RNA plus one DNA strand often form the A-helix.
The Z-DNA double helix has 12 base pairs per turn and is left-
handed. Its sugar–phosphate backbone is a zigzag line rather
than a smooth curve. Z-DNA is found in GC- or GT-rich regions,
especially when negatively supercoiled. Occasional enzymes and
regulatory proteins bind Z-DNA preferentially.

Size and Shape of DNA Molecules
The size of a DNA molecule is expressed as the number of
nucleotide bases or base pairs per molecule. Thus, a DNA mole-
cule with 1000 bases is 1 kilobase (kb) of DNA. If the DNA is a
double helix, then kilobase pairs (kbp) is used. Thus, a double
helix 5000 base pairs in size would be 5 kbp. The bacterium
Escherichia coli has about 4640 kbp of DNA in its chromosome.
When dealing with large genomes the term megabase pair
(Mbp) for a million base pairs is used. The genome of E. coli is
thus 4.64 Mbp.

Each base pair takes up 0.34 nanometer (nm) in length along
the double helix, and each turn of the helix contains approximately
10 base pairs. Therefore, 1 kbp of DNA is 0.34 !m long with 100
helical turns. The E. coli genome is thus 4640 * 0.34 = 1.58 mm
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DNA: organização
sequence similarity, all four types of histones share a similar !70-residue

fold in which a long central helix is flanked on each side by a loop and
a shorter helix (Fig. 24-44). Pairs of histones interdigitate in a sort

of “molecular handshake” to form the crescent-shaped heterodimers
H2A–H2B and H3–H4, each of which binds 2.5 turns of duplex

DNA that curves around it in a 140° bend. The H3–H4 pairs
interact, via a bundle of four helices from the two H3 histones,
to form an (H3–H4)2 tetramer with which each H2A–H2B
pair interacts, via a similar four-helix bundle between H2B and
H4, to form the histone octamer (Fig. 24-43b).

The histones bind exclusively to the inner face of the DNA,
primarily via its sugar–phosphate backbones, through hydrogen
bonds, salt bridges, and helix dipoles (their positive N-terminal
ends), all interacting with phosphate oxygens, as well as through

hydrophobic interactions with the deoxyribose rings. There are few contacts be-
tween the histones and the bases, in accord with the nucleosome’s lack of se-
quence specificity. However, an Arg side chain is inserted into the DNA’s minor
groove at each of the 14 positions at which it faces the histone octamer. The
DNA superhelix has a radius of 42 Å and a pitch (rise per turn) of 26 Å. The
DNA does not follow a uniform superhelical path but, rather, is bent fairly
sharply at several locations due to outward bulges of the histone core. Moreover,
the DNA double helix exhibits considerable conformational variation along its
length such that its twist, for example, varies from 7.5 to 15.2 bp/turn with
an average value of 10.4 bp/turn (versus 10.5 bp/turn for DNA in solution).
Approximately 75% of the DNA surface is accessible to solvent and hence ap-
pears to be available for interactions with DNA-binding proteins.

Linker Histones Bring Nucleosomes Together. In the micrococcal nuclease
digestion of chromatin fibers, the !200-bp DNA is first degraded to 166 bp.
Then there is a pause before histone H1 is released and the DNA is further
shortened to 146 bp. Since the 146-bp DNA of the core particle makes 1.65
superhelical turns, the 166-bp intermediate should make nearly two full
superhelical turns, which would bring its two ends close together. Klug has pro-
posed that histone H1 binds to nucleosomal DNA at this point, where the
DNA segments enter and leave the core particle (Fig. 24-45a). Chromatin

FIG. 24-44 X-Ray structure of half of a histone octamer within the nucleosome
core particle. Those portions of H2A, H2B, H3, and H4 that form the histone folds are
yellow, red, blue, and green, respectively, with their N- and C-terminal tails colored in lighter
shades. [Based on an X-ray structure by Gerard Bunick, University of Tennessee and Oak
Ridge National Laboratory, Oak Ridge, Tennessee. PDBid 1EQZ.]
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FIGURE 24-45 Binding of histone
H1 to the nucleosome. (a) Model of
histone H1 binding to the DNA of the
166-bp nucleosome. The two complete
superhelical turns of the DNA (blue )
enable H1 (orange cylinder ) to bind to the
DNA’s two ends and its middle. The 
histone octamer is represented by the
yellow central spheroid. (b) Electron 
micrograph of H1-containing chromatin.
[Courtesy of Fritz Thoma, Eidgenössiche
Technische Hochschule, Zürich, Switzerland.]

Compare Part b with Fig. 24-42.? (a)

80 Å
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Histone
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H1

(b)
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A typical human chromosome, which contains !140 million bp and is
about 6 !m long, would therefore have !2000 radial loops. Presumably,
nonhistone proteins, which constitute !10% of the chromosomal proteins,
must be involved in organizing the DNA in these higher-order structures
(Fig. 24-49) and managing the interconversion of highly condensed
metaphase chromosomes with the more dispersed DNA present during the
rest of the cell cycle.

In prokaryotes, DNA is also packaged through its association with highly
basic proteins that functionally resemble histones. Nucleosome-like particles
condense to form large loops that are attached to a protein scaffold, yielding
a relatively compact chromosome.

863

0.4 µm

Metaphase
chromosome,

diameter 
1 µm

30-nm fiber

Nucleosome 

B-DNA,
diameter 20 Å

FIG. 24-49 Model diagramming the
various levels of metaphase chromatin 
organization. B-DNA winds around histone
octamers to form nucleosomes; these fold into a
30-nm fiber. Loops of chromatin are attached to
a protein scaffold to form the metaphase 
chromosome.

C H E C K P O I N T

• Explain why histones from different
species are so similar.

• What is the role of histones in 
compacting DNA?

• How do histones differ from the 
DNA-binding proteins described in the
preceding section?

• Describe the levels of DNA packaging in
eukaryotic cells, from B-DNA to a
metaphase chromosome.

Section 5 Eukaryotic Chromosome Structure

Summary

1 The DNA Helix
• The most common form of DNA is B-DNA, which is a right-

handed double helix containing A ! T and G ! C base pairs of
similar geometry. The A-DNA helix, which also occurs in double-
stranded RNA, is wider and flatter than the B-DNA helix. The
left-handed Z-DNA helix may occur in sequences of alternating
purines and pyrimidines.

• The flexibility of nucleotides in nucleic acids is constrained by the
allowed rotation angles around the glycosidic bond, the puckering

of the ribose ring, and the torsion angles of the sugar–phosphate
backbone.

• The linking number (L) of a covalently closed circular DNA is
topologically invariant. Consequently, any change in the twist (T )
of a circular duplex must be balanced by an equal and opposite
change in its writhing number (W ), which indicates its degree of
supercoiling.

• Naturally occurring DNA is negatively supercoiled (underwound).
Topoisomerases relax supercoils by cleaving one or both strands of
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• Eukaryotic DNA is negatively supercoiled around a core of histone proteins to

form a nucleosome.
• Nucleosomes are folded into higher-order chromatin structures.

Although each base pair of B-DNA contributes only !3.4 Å to its contour
length (the end-to-end length of a stretched-out native molecule), DNA mol-
ecules are generally enormous (as shown on page 821). Indeed, the 23 chro-
mosomes of the 3 billion-bp human genome have a total contour length of
almost 1 m. One of the enduring questions of molecular biology is how such
vast quantities of genetic information can be scanned and decoded in a rea-
sonable time while stored in a small portion of the cell’s volume.

The elongated shape of duplex DNA (its diameter is only 20 Å) and its
relative stiffness make it susceptible to mechanical damage when outside the
protective environment of the cell. For example, a Drosophila chromosome, if
expanded by a factor of 500,000, would have the shape and some of the me-
chanical properties of a 6-km-long strand of uncooked spaghetti. In fact, the
shear degradation of DNA by stirring, shaking, or pipetting a DNA solution
is a standard laboratory method for preparing DNA fragments.

Prokaryotic genomes typically comprise a single circular DNA molecule.
However, most eukaryotes condense and package their genome in several chro-
mosomes. Each chromosome is a complex of DNA and protein, a material
known as chromatin, and is a dynamic entity whose appearance varies dra-
matically with the stage of the cell cycle (the general sequence of events that
occur in the lifetime of a eukaryotic cell; Section 28-4A). For example, chro-
mosomes assume their most condensed forms only during the metaphase stage
of cell division (Fig. 24-41). During the remainder of the cell cycle, when the
DNA is transcribed and replicated, the chromosomes of most cells become
so highly dispersed that they cannot be distinguished. Yet the DNA of the
chromosomes is still compacted relative to its free B-helix form. Human chro-
mosomes have contour lengths between 1.5 and 8.4 cm but in their most
condensed state are only 1.3 to 10 !m long. In this section, we examine how
DNA is packaged in cells to achieve that degree of condensation.

A DNA Coils around Histones to Form Nucleosomes
Chromatin is about one-half protein by mass, and most of this protein con-
sists of histones. To understand how DNA is packaged, we must first exam-
ine the histone proteins. The five major classes of histones, H1, H2A, H2B,
H3, and H4, all have a large proportion of positively charged residues (Arg
and Lys; Table 24-3). These proteins can therefore bind DNA’s negatively
charged phosphate groups through electrostatic interactions.

Histones Are Highly Conserved. The amino acid sequences of histones H2A,
H2B, H3, and H4 are remarkably conserved. For example, histones H4 from cows
and peas, species that diverged 1.2 billion years ago, differ by only two conserva-
tive residue changes, which makes this protein among the most evolutionarily con-
served proteins known (Section 5-4A). Such evolutionary stability implies that the
histones have critical functions to which their structures are so well tuned that they are
all but intolerant to change. The fifth histone, H1, is more variable than the other
histones; we will see below that it also has a somewhat different role.

Histones are subject to posttranslational modifications that include meth-
ylation, acetylation, and phosphorylation of specific Arg, Glu, His, Lys, Ser, Thr,
and Tyr residues. These modifications, many of which are reversible, all decrease the
histones’ positive charges, thereby significantly altering histone–DNA interactions.
Despite the histones’ great evolutionary stability, their degree of modification
varies enormously with the species, the tissue, and the stage of the cell cycle.
As we will see (Section 28-3A), modification of histones has been linked to
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See Guided Exploration 24
Nucleosome structure.

TABLE 24-3 Calf Thymus Histones

Number of Mass
Histone Residues (kD) % Arg % Lys

H1 215 23.0 1 29

H2A 129 14.0 9 11

H2B 125 13.8 6 16

H3 135 15.3 13 10

H4 102 11.3 14 11

FIG. 24-41 Scanning electron 
micrograph of a metaphase chromosome. It
consists of two sister (identical) chromatids
joined at their centromere (the constricted region
near the center of a chromosome through which
it attaches to the mitotic spindle). Chromosomes
constitute a cell’s largest molecular entities.
[Andrew Syred/Photo Researchers, Inc.]
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DNA nuclear: na
maioria dos casos, 
linear e composto
de várias moléculas

DNA: cromossomos
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MiniQuiz
• What does antiparallel mean in terms of the structure of double-

stranded DNA?
• Define the term complementary when used to refer to two

strands of DNA.
• Define the terms denaturation, reannealing, and hybridization as

they apply to nucleic acids.
• Why do GC-rich molecules of DNA melt at higher temperatures

than AT-rich molecules?

6.3 Supercoiling
If linearized, the Escherichia coli chromosome would be over 
1 mm in length, about 700 times longer than the E. coli cell itself.
How is it possible to pack so much DNA into such a little space?
The solution is the imposition of a “higher-order” structure on
the DNA, in which the double-stranded DNA is further twisted
in a process called supercoiling. Figure 6.8 shows how supercoil-
ing occurs in a circular DNA duplex. If a circular DNA molecule
is linearized, any supercoiling is lost and the DNA becomes
“relaxed.” When relaxed, a DNA molecule has exactly the num-
ber of turns of the helix predicted from the number of base pairs.

Supercoiling puts the DNA molecule under torsion, much like
the added tension to a rubber band that occurs when it is twisted.
DNA can be supercoiled in either a positive or a negative man-
ner. In positive supercoiling the double helix is overwound,
whereas in negative supercoiling the double helix is underwound.
Negative supercoiling results when the DNA is twisted about its
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Figure 6.7 Thermal denaturation of DNA. DNA absorbs more ultravi-
olet radiation at 260 nm as the double helix is denatured. The transition 
is quite abrupt, and the temperature of the midpoint, Tm, is proportional 
to the GC content of the DNA. Although the denatured DNA can be
renatured by slow cooling, the process does not follow a similar curve.
Renaturation becomes progressively more complete at temperatures well
below the Tm and then only after a considerable incubation time.

Nick

Relaxed, nicked circular DNA(b)

Supercoiled circular DNA(c)

Chromosomal DNA with supercoiled domains(d)

Relaxed, covalently closed circular DNA(a)

Proteins

Supercoiled
domain

Seal

Rotate one end of broken 
strand around helix and seal

Break one strand

Break one strand

Figure 6.8 Supercoiled DNA. (a–c) Relaxed, nicked, and supercoiled
circular DNA. A nick is a break in a phosphodiester bond of one strand. 
(d) In fact, the double-stranded DNA in the bacterial chromosome is
arranged not in one supercoil but in several supercoiled domains, as
shown here.

Procariotos

• Cromossomos lineares ou circulares (maioria)
• Organizados e compactados

DNA, na maioria dos casos, organizado em
poucos cromossomos circulares, pode
conter plasmídeos.

Eucariotos Procariotos



Genoma: tipos de moléculas
Organismo Elemento Ácido nucléico Descrição

Procarioto Cromosomo DNA  dupla fita A maioria é circular, muito longo

Eucarioto Cromosomo DNA  dupla fita Maioria linear, extremamente longo

Todos Plasmídeo* DNA  dupla fita Relativamente curto, linear ou circular

Mitocondria ou cloroplasto Genoma DNA  dupla fita Pequeno ou médio, geralmente circular

Vírus Genoma DNA  ou RNA, fita dupla ou simples Relativamente curto, circular ou linear

* Plasmídeos são muito raros em eucariotos

Cromossomos
- Codificam genes essenciais para o organismo
- Codificam os genes necessários para replicação e 

segregação

Plasmídeos
- Usam as polimerases do cromosomo
- Controlam seu número na célula
- Codificam genes para segregação



DNA: cromossomos

Procariotos

• Cromossomos lineares ou circulares (maioria)
• Organizados e compactados



Cromossomos de procariotos

Genoma de E. coli

ORFs: fita leading (vermelho) 
e lagging (laranja)

>gi|49175990|ref|NC_000913.2| Escherichia coli str. K-12 substr. MG1655, 
complete genome
AGCTTTTCATTCTGACTGCAACGGGCAATATGTCTCTGTGTGGATTAAAAAAAGAGTGTCT
GATAGCAGCTTCTGAACTGGTTACCTGCCGTGAGTAAATTAAAATTTTATTGACTTAGGTC
ACTAAATACTTTAACCAATATAGGCATAGCGCACAGACAGATAAAAATTACAGAGTACACA
ACATCCATGAAACGCATTAGCACCACCATTACCACCACCATCACCATTACCACAGGTAACG
GTGCGGGCTGACGCGTACAGGAAACACAGAAAAAAGCCCGCACCTGACAGTGCGGGCTTTT
TTTTTCGACCAAAGGTAACGAGGTAACAACCATGCGAGTGTTGAAGTTCGGCGGTACATCA
GTGGCAAATGCAGAACGTTTTCTGCGTGTTGCCGATATTCTGGAAAGCAATGCCAGGCAGG
GGCAGGTGGCCACCGTCCTCTCTGCCCCCGCCAAAATCACCAACCACCTGGTGGCGATGAT
TGAAAAAACCATTAGCGGCCAGGATGCTTTACCCAATATCAGCGATGCCGAACGTATTTTT
GCCGAACTTTTGACGGGACTCGCCGCCGCCCAGCCGGGGTTCCCGCTGGCGCAATTGAAAA
CTTTCGTCGATCAGGAATTTGCCCAAATAAAACATGTCCTGCATGGCATTAGTTTGTTGGG
GCAGTGCCCGGATAGCATCAACGCTGCGCTGATTTGCCGTGGCGAGAAAATGTCGATCGCC
ATTATGGCCGGCGTATTAGAAGCGCGCGGTCACAACGTTACTGTTATCGATCCGGTCGAAA
AACTGCTGGCAGTGGGGCATTACCTCGAATCTACCGTCGATATTGCTGAGTCCACCCGCCG
TATTGCGGCAAGCCGCATTCCGGCTGATCACATGGTGCTGATGGCAGGTTTCACCGCCGGT
AATGAAAAAGGCGAACTGGTGGTGCTTGGACGCAACGGTTCCGACTACTCTGCTGCGGTGC
TGGCTGCCTGTTTACGCGCCGATTGTTGCGAGATTTGGACGGACGTTGACGGGGTCTATAC
CTGCGACCCGCGTCAGGTGCCCGATGCGAGGTTGTTGAAGTCGATGTCCTACCAGGAAGCG
ATGGAGCTTTCCTACTTCGGCGCTAAAGTTCTTCACCCCCGCACCATTACCCCCATCGCCC
AGTTCCAGATCCCTTGCCTGATTAAAAATACCGGAAATCCTCAAGCACCAGGTACGCTCAT
TGGTGCCAGCCGTGATGAAGACGAATTACCGGTCAAGGGCATTTCCAATCTGAATAACATG
GCAATGTTCAGCGTTTCTGGTCCGGGGATGAAAGGGATGGTCGGCATGGCGGCGCGCGTCT
TTGCAGCGATGTCACGCGCCCGTATTTCCGTGGTGCTGATTACGCAATCATCTTCCGAATA
CAGCATCAGTTTCTGCGTTCCACAAAGCGACTGTGTGCGAGCTGAACGGGCAATGCAGGAA
GAGTTCTACCTGGAACTGAAAGAAGGCTTACTGGAGCCGCTGGCAGTGACGGAACGGCTGG
CCATTATCTCGGTGGTAGGTGATGGTATGCGCACCTTGCGTGGGATCTCGGCGAAATTCTT
TGCCGCACTGGCCCGCGCCAATATCAACATTGTCGCCATTGCTCAGGGATCTTCTGAACGC
TCAATCTCTGTCGTGGTAAATAACGATGATGCGACCACTGGCGTGCGCGTTACTCATCAGA
TGCTGTTCAATACCGATCAGGTTATCGAAGTGTTTGTGATTGGCGTCGGTGGCGTTGGCGG
TGCGCTGCTGGAGCAACTGAAGCGTCAGCAAAGCTGGCTGAAGAATAAACATATCGACTTA
CGTGTCTGCGGTGTTGCCAACTCGAAGGCTCTGCTCACCAATGTACATGGCCTTAATCTGG
AAAACTGGCAGGAAGAACTGGCGCAAGCCAAAGAGCCGTTTAATCTCGGGCGCTTAATTCG
CCTCGTGA…



Genomas completos: 
exemplos

Complete genome sequence of Shigella flexneri 5b and 
comparison with Shigella flexneri 2a. BMC Genomics
(2006) 7:173



Estrutura dos genes em
procariotos



Síntese de RNA: 

transcrição

CHAPTER 6 • Molecular Biology of Bacteria 171

UN
IT

 3

RNA polymerase from Bacteria has five different subunits, des-
ignated !, !9, ", # (omega), and $ (sigma), with " present in two
copies. The ! and !9 (beta prime) subunits are similar but not
identical. The subunits interact to form the active enzyme, called
the RNA polymerase holoenzyme, but the sigma factor is not as
tightly bound as the others and easily dissociates, leading to the
formation of the RNA polymerase core enzyme, "2!!9#. The core
enzyme alone synthesizes RNA, whereas the sigma factor recog-
nizes the appropriate site on the DNA for RNA synthesis to begin.
The omega subunit is needed for assembly of the core enzyme but
not for RNA synthesis. RNA synthesis is illustrated in Figure 6.25.
www.microbiologyplace.com Online Tutorial 6.3: Transcription

Promoters
RNA polymerase is a large protein and makes contact with many
bases of DNA simultaneously. Proteins such as RNA polymerase
can interact specifically with DNA because portions of the bases
are exposed in the major groove. However, in order to initiate
RNA synthesis correctly, RNA polymerase must first recognize
the initiation sites on the DNA. These sites, called promoters,
are recognized by the sigma factor (Figure 6.26).

Once the RNA polymerase has bound to the promoter, tran-
scription can proceed. In this process, the DNA double helix at
the promoter is opened up by the RNA polymerase to form a
transcription bubble. As the polymerase moves, it unwinds the
DNA in short segments. This transient unwinding exposes the
template strand and allows it to be copied into the RNA comple-
ment. Thus, promoters can be thought of as pointing RNA po-
lymerase in one direction or the other along the DNA. If a region of
DNA has two nearby promoters pointing in opposite directions,
then transcription from one will proceed in one direction (on one
of the DNA strands) while transcription from the other promoter
will proceed in the opposite direction (on the other strand).

Once a short stretch of RNA has been formed, the sigma factor
dissociates. Elongation of the RNA molecule is then carried out by
the core enzyme alone (Figure 6.25). Sigma is only needed to form
the initial RNA polymerase–DNA complex at the promoter. As the
newly made RNA dissociates from the DNA, the opened DNA
closes back into the original double helix. Transcription stops at
specific sites called transcription terminators (Section 6.14).

Unlike DNA replication, which copies entire genomes, tran-
scription copies much smaller units of DNA, often as little as a
single gene. This system allows the cell to transcribe different
genes at different frequencies, depending on the needs of the cell
for different proteins. In other words, gene expression is regu-
lated. As we shall see in Chapter 8, regulation of transcription is
an important and elaborate process that uses many different
mechanisms and is very efficient at controlling gene expression
and conserving cell resources.

MiniQuiz
• In which direction (59 S 39 or 39 S 59) along the template strand

does transcription proceed?
• What is a promoter? What protein recognizes the promoters in

Escherichia coli?
• What is the role of the omega subunit of RNA polymerase?
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Figure 6.25 Transcription. (a) Steps in RNA synthesis. The initiation
site (promoter) and termination site are specific nucleotide sequences on
the DNA. RNA polymerase moves down the DNA chain, temporarily
opening the double helix and transcribing one of the DNA strands. 
(b) Electron micrograph of transcription along a gene on the Escherichia
coli chromosome. The region of active transcription is about 2 kb pairs of
DNA. Transcription is proceeding from left to right, with the shorter tran-
scripts on the left becoming longer as transcription proceeds.

Unidade de transcrição
Segmento contínuo do genoma (locus) 
que inclui

• Regiões regulatórias

• Início (região promotora)

• Término (terminadores)

• Região transcrita

• Procariotos: um mRNA

• Eucariotos: um ou mais mRNAs

Como a replicação, também procede

apenas no sentido 5’ -> 3’

that both strands of the chromosome be entirely copied, the regulated expres-
sion of genetic information involves much smaller, single-strand portions of
the genome. The DNA strand that serves as a template during transcription
is known as the antisense or noncoding strand since its sequence is comple-
mentary to that of the RNA. The other DNA strand, which has the same
sequence as the transcribed RNA (except for the replacement of U with T),
is known as the sense or coding strand (Fig. 26-4). The two strands of DNA
in an organism’s chromosome can therefore contain different sets of genes.

Keep in mind that “gene” is a relatively loose term that refers to sequences
that encode polypeptides, as well as those that correspond to the sequences of
rRNA, tRNA, and other RNA species. Furthermore, a gene typically includes
sequences that participate in initiating and terminating transcription (and
translation) that are not actually transcribed (or translated). The expression of
many genes also depends on regulatory sequences that do not directly flank
the coding regions but may be located a considerable distance away.

Most protein-coding genes (called structural genes) in eukaryotes are
transcribed individually. In prokaryotic genomes, however, genes are frequently
arranged in tandem along a single DNA strand so that they can be transcribed
together. These genetic units, called operons, typically contain genes with re-
lated functions. For example, the three different rRNA genes of E. coli occur
in single operons (Section 26-3C). The E. coli lac operon, whose expression
is described in detail in Section 28-2A, contains three genes encoding pro-
teins involved in lactose metabolism as well as sequences that control their
transcription (Fig. 26-5). Other operons contain genes encoding proteins re-
quired for biosynthetic pathways, for example, the trp operon, whose six gene
products (proteins are often referred to as gene products) catalyze tryptophan
synthesis. An operon is transcribed as a single unit, giving rise to a polycistronic
mRNA that directs the more-or-less simultaneous synthesis of each of the en-
coded polypeptides (the term cistron is a somewhat archaic synonym for gene).
In contrast, eukaryotic structural genes, which are not part of operons, give
rise to monocistronic mRNAs.

922
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FIG. 26-4 Sense and antisense DNA strands. The template strand of duplex DNA
is known as its antisense or noncoding strand. Its complementary sense or coding strand
has the same nucleotide sequence and orientation as the transcribed RNA.

FIG. 26-5 The E. coli lac operon. This DNA includes genes encoding the proteins
mediating lactose metabolism and the genetic sites that control their expression. The Z, Y,
and A genes, respectively, specify the proteins !-galactosidase (Box 8-1), galactoside
permease (Section 10-3D), and thiogalactoside transacetylase. The closely linked
regulatory gene, I, which is not part of the lac operon, encodes a repressor that inhibits
transcription of the lac operon.
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RNA polymerase from Bacteria has five different subunits, des-
ignated !, !9, ", # (omega), and $ (sigma), with " present in two
copies. The ! and !9 (beta prime) subunits are similar but not
identical. The subunits interact to form the active enzyme, called
the RNA polymerase holoenzyme, but the sigma factor is not as
tightly bound as the others and easily dissociates, leading to the
formation of the RNA polymerase core enzyme, "2!!9#. The core
enzyme alone synthesizes RNA, whereas the sigma factor recog-
nizes the appropriate site on the DNA for RNA synthesis to begin.
The omega subunit is needed for assembly of the core enzyme but
not for RNA synthesis. RNA synthesis is illustrated in Figure 6.25.
www.microbiologyplace.com Online Tutorial 6.3: Transcription

Promoters
RNA polymerase is a large protein and makes contact with many
bases of DNA simultaneously. Proteins such as RNA polymerase
can interact specifically with DNA because portions of the bases
are exposed in the major groove. However, in order to initiate
RNA synthesis correctly, RNA polymerase must first recognize
the initiation sites on the DNA. These sites, called promoters,
are recognized by the sigma factor (Figure 6.26).

Once the RNA polymerase has bound to the promoter, tran-
scription can proceed. In this process, the DNA double helix at
the promoter is opened up by the RNA polymerase to form a
transcription bubble. As the polymerase moves, it unwinds the
DNA in short segments. This transient unwinding exposes the
template strand and allows it to be copied into the RNA comple-
ment. Thus, promoters can be thought of as pointing RNA po-
lymerase in one direction or the other along the DNA. If a region of
DNA has two nearby promoters pointing in opposite directions,
then transcription from one will proceed in one direction (on one
of the DNA strands) while transcription from the other promoter
will proceed in the opposite direction (on the other strand).

Once a short stretch of RNA has been formed, the sigma factor
dissociates. Elongation of the RNA molecule is then carried out by
the core enzyme alone (Figure 6.25). Sigma is only needed to form
the initial RNA polymerase–DNA complex at the promoter. As the
newly made RNA dissociates from the DNA, the opened DNA
closes back into the original double helix. Transcription stops at
specific sites called transcription terminators (Section 6.14).

Unlike DNA replication, which copies entire genomes, tran-
scription copies much smaller units of DNA, often as little as a
single gene. This system allows the cell to transcribe different
genes at different frequencies, depending on the needs of the cell
for different proteins. In other words, gene expression is regu-
lated. As we shall see in Chapter 8, regulation of transcription is
an important and elaborate process that uses many different
mechanisms and is very efficient at controlling gene expression
and conserving cell resources.

MiniQuiz
• In which direction (59 S 39 or 39 S 59) along the template strand

does transcription proceed?
• What is a promoter? What protein recognizes the promoters in

Escherichia coli?
• What is the role of the omega subunit of RNA polymerase?
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Figure 6.25 Transcription. (a) Steps in RNA synthesis. The initiation
site (promoter) and termination site are specific nucleotide sequences on
the DNA. RNA polymerase moves down the DNA chain, temporarily
opening the double helix and transcribing one of the DNA strands. 
(b) Electron micrograph of transcription along a gene on the Escherichia
coli chromosome. The region of active transcription is about 2 kb pairs of
DNA. Transcription is proceeding from left to right, with the shorter tran-
scripts on the left becoming longer as transcription proceeds.
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Figure 6.26 The interaction of RNA polymerase with
the promoter. Shown below the RNA polymerase and DNA
are six different promoter sequences identified in Escherichia
coli, a species of Bacteria. The contacts of the RNA poly-
merase with the -35 sequence and the Pribnow box (-10
sequence) are shown. Transcription begins at a unique base
just downstream from the Pribnow box. Below the actual
sequences at the -35 and Pribnow box regions are consen-
sus sequences derived from comparing many promoters.
Note that although sigma recognizes the promoter
sequences on the 59 S 39 (dark green) strand of DNA, the
RNA polymerase core enzyme will actually transcribe the light
green strand running 39 S 59 because core enzyme works
only in a 59 S 39 direction.

6.13 Sigma Factors and Consensus
Sequences

Promoters are specific DNA sequences that bind RNA polymer-
ase. Figure 6.26 shows the sequence of several promoters from
Escherichia coli. All these sequences are recognized by the same
sigma factor, the major sigma factor in E. coli, called !70 (the
superscript 70 indicates the size of this protein, 70 kilodaltons).
Although these sequences are not identical, two shorter sequences
within the promoter region are highly conserved, and it is these
that sigma recognizes.

Both conserved sequences are upstream of the transcription
start site. One is 10 bases before the transcription start, the -10
region, or Pribnow box. Although promoters differ slightly, most
bases are the same within the -10 region. Comparison of many 
-10 regions gives the consensus sequence: TATAAT. In our
example, each promoter matches from three to five of these
bases. The second conserved region is about 35 bases from the
start of transcription. The consensus sequence in the -35 region
is TTGACA (Figure 6.26). Again, most promoters differ slightly,
but are very close to consensus.

In Figure 6.26, six alternative sequences are shown for only one
strand of the DNA. This is conventional “shorthand” for writing
DNA sequences. By convention, the strand shown is the one with
its 59 end upstream (this is the nontemplate strand for transcrip-
tion). In reality, RNA polymerase binds to double-stranded DNA
and then unwinds it. A single strand of the unwound DNA is
then used as template by the RNA polymerase. Although it binds
to both DNA strands, sigma makes most of its contacts with the
nontranscribed strand where it recognizes the specific sequences
in the -10 and -35 regions.

Some sigma factors in other bacteria are much more specific in
regard to binding sequences than !70 of E. coli. In such cases,

very little leeway is allowed in the critical bases that are recog-
nized. In E. coli, promoters that are most like the consensus
sequence are usually more effective in binding RNA polymerase.
Such promoters are called strong promoters and are very useful
in genetic engineering, as discussed in Chapter 11.

Alternative Sigma Factors in Escherichia coli
Most genes in E. coli require the standard sigma factor, !70 or
RpoD, for transcription and have promoters like those in
Figure 6.26. However, several alternative sigma factors are
known that recognize different consensus sequences (Table 6.4).
Each alternative sigma factor is specific for a group of genes
required under special circumstances. Thus !38, also known as
RpoS, recognizes a consensus sequence found in the promoters
of genes expressed during stationary phase. Consequently, it is
possible to control the expression of each family of genes by
regulating the availability of the corresponding sigma factor.
This may be done by changing either the rate of synthesis or
the rate of degradation of the sigma factor. In addition, the
activity of alternative sigma factors can be blocked by other
proteins called anti-sigma factors. These may temporarily inac-
tivate a particular sigma factor in response to environmental
signals.

In total there are seven different sigma factors in E. coli, and
each recognizes different consensus sequences (Table 6.4).
Sigma factors were originally named according to their molecu-
lar weight. More recently, they have been named according to
their roles, for example, RpoN stands for “RNA polymerase—
Nitrogen.” Most of these sigma factors have counterparts in other
Bacteria. The endospore-forming bacterium Bacillus subtilis has
14 sigma factors, with 4 different sigma factors dedicated to the
transcription of endospore-specific genes ( Section 8.12).

ZOOM

• Os fatores sigma reconhecem
sequências curtas mas bem definidas
(promotores).

• A ligação do fator sigma com a região
promotora recruta a RNA polimerase
e ativa transcrição da região
localizada à frente do promotor

• Diferentes fatores sigmas reconhecem
diferentes assinaturas e, portanto, 
ativam apenas um conjunto específico
de genes



Fase aberta de leitura

CHAPTER 6 • Molecular Biology of Bacteria 171

UN
IT

 3

RNA polymerase from Bacteria has five different subunits, des-
ignated !, !9, ", # (omega), and $ (sigma), with " present in two
copies. The ! and !9 (beta prime) subunits are similar but not
identical. The subunits interact to form the active enzyme, called
the RNA polymerase holoenzyme, but the sigma factor is not as
tightly bound as the others and easily dissociates, leading to the
formation of the RNA polymerase core enzyme, "2!!9#. The core
enzyme alone synthesizes RNA, whereas the sigma factor recog-
nizes the appropriate site on the DNA for RNA synthesis to begin.
The omega subunit is needed for assembly of the core enzyme but
not for RNA synthesis. RNA synthesis is illustrated in Figure 6.25.
www.microbiologyplace.com Online Tutorial 6.3: Transcription

Promoters
RNA polymerase is a large protein and makes contact with many
bases of DNA simultaneously. Proteins such as RNA polymerase
can interact specifically with DNA because portions of the bases
are exposed in the major groove. However, in order to initiate
RNA synthesis correctly, RNA polymerase must first recognize
the initiation sites on the DNA. These sites, called promoters,
are recognized by the sigma factor (Figure 6.26).

Once the RNA polymerase has bound to the promoter, tran-
scription can proceed. In this process, the DNA double helix at
the promoter is opened up by the RNA polymerase to form a
transcription bubble. As the polymerase moves, it unwinds the
DNA in short segments. This transient unwinding exposes the
template strand and allows it to be copied into the RNA comple-
ment. Thus, promoters can be thought of as pointing RNA po-
lymerase in one direction or the other along the DNA. If a region of
DNA has two nearby promoters pointing in opposite directions,
then transcription from one will proceed in one direction (on one
of the DNA strands) while transcription from the other promoter
will proceed in the opposite direction (on the other strand).

Once a short stretch of RNA has been formed, the sigma factor
dissociates. Elongation of the RNA molecule is then carried out by
the core enzyme alone (Figure 6.25). Sigma is only needed to form
the initial RNA polymerase–DNA complex at the promoter. As the
newly made RNA dissociates from the DNA, the opened DNA
closes back into the original double helix. Transcription stops at
specific sites called transcription terminators (Section 6.14).

Unlike DNA replication, which copies entire genomes, tran-
scription copies much smaller units of DNA, often as little as a
single gene. This system allows the cell to transcribe different
genes at different frequencies, depending on the needs of the cell
for different proteins. In other words, gene expression is regu-
lated. As we shall see in Chapter 8, regulation of transcription is
an important and elaborate process that uses many different
mechanisms and is very efficient at controlling gene expression
and conserving cell resources.

MiniQuiz
• In which direction (59 S 39 or 39 S 59) along the template strand

does transcription proceed?
• What is a promoter? What protein recognizes the promoters in

Escherichia coli?
• What is the role of the omega subunit of RNA polymerase?
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Figure 6.25 Transcription. (a) Steps in RNA synthesis. The initiation
site (promoter) and termination site are specific nucleotide sequences on
the DNA. RNA polymerase moves down the DNA chain, temporarily
opening the double helix and transcribing one of the DNA strands. 
(b) Electron micrograph of transcription along a gene on the Escherichia
coli chromosome. The region of active transcription is about 2 kb pairs of
DNA. Transcription is proceeding from left to right, with the shorter tran-
scripts on the left becoming longer as transcription proceeds.
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Fase aberta de leitura
“Open reading frame” ou ORF

• Definição: uma fase aberta de leitura é a sequência de códons em uma
molécula mRNA que determina os aminoácidos de uma única proteína. 

• ORFs são compostas por um códon de iniciação e um códon de 
parada, e todos os códons intermediários (ver próximos slides). 

…ACGUAAACUG AUG CCC CCU AUA UUU CGU UAA AAAUACCUUU…

• Com exceção do códon de parada, cada um dos códons de uma ORF 
corresponde, exatamente, a um aminoácido da proteína codificada
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nizes the appropriate site on the DNA for RNA synthesis to begin.
The omega subunit is needed for assembly of the core enzyme but
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Promoters
RNA polymerase is a large protein and makes contact with many
bases of DNA simultaneously. Proteins such as RNA polymerase
can interact specifically with DNA because portions of the bases
are exposed in the major groove. However, in order to initiate
RNA synthesis correctly, RNA polymerase must first recognize
the initiation sites on the DNA. These sites, called promoters,
are recognized by the sigma factor (Figure 6.26).

Once the RNA polymerase has bound to the promoter, tran-
scription can proceed. In this process, the DNA double helix at
the promoter is opened up by the RNA polymerase to form a
transcription bubble. As the polymerase moves, it unwinds the
DNA in short segments. This transient unwinding exposes the
template strand and allows it to be copied into the RNA comple-
ment. Thus, promoters can be thought of as pointing RNA po-
lymerase in one direction or the other along the DNA. If a region of
DNA has two nearby promoters pointing in opposite directions,
then transcription from one will proceed in one direction (on one
of the DNA strands) while transcription from the other promoter
will proceed in the opposite direction (on the other strand).

Once a short stretch of RNA has been formed, the sigma factor
dissociates. Elongation of the RNA molecule is then carried out by
the core enzyme alone (Figure 6.25). Sigma is only needed to form
the initial RNA polymerase–DNA complex at the promoter. As the
newly made RNA dissociates from the DNA, the opened DNA
closes back into the original double helix. Transcription stops at
specific sites called transcription terminators (Section 6.14).

Unlike DNA replication, which copies entire genomes, tran-
scription copies much smaller units of DNA, often as little as a
single gene. This system allows the cell to transcribe different
genes at different frequencies, depending on the needs of the cell
for different proteins. In other words, gene expression is regu-
lated. As we shall see in Chapter 8, regulation of transcription is
an important and elaborate process that uses many different
mechanisms and is very efficient at controlling gene expression
and conserving cell resources.
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• In which direction (59 S 39 or 39 S 59) along the template strand
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Escherichia coli?
• What is the role of the omega subunit of RNA polymerase?
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Figure 6.25 Transcription. (a) Steps in RNA synthesis. The initiation
site (promoter) and termination site are specific nucleotide sequences on
the DNA. RNA polymerase moves down the DNA chain, temporarily
opening the double helix and transcribing one of the DNA strands. 
(b) Electron micrograph of transcription along a gene on the Escherichia
coli chromosome. The region of active transcription is about 2 kb pairs of
DNA. Transcription is proceeding from left to right, with the shorter tran-
scripts on the left becoming longer as transcription proceeds.
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identical. The subunits interact to form the active enzyme, called
the RNA polymerase holoenzyme, but the sigma factor is not as
tightly bound as the others and easily dissociates, leading to the
formation of the RNA polymerase core enzyme, "2!!9#. The core
enzyme alone synthesizes RNA, whereas the sigma factor recog-
nizes the appropriate site on the DNA for RNA synthesis to begin.
The omega subunit is needed for assembly of the core enzyme but
not for RNA synthesis. RNA synthesis is illustrated in Figure 6.25.
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RNA polymerase is a large protein and makes contact with many
bases of DNA simultaneously. Proteins such as RNA polymerase
can interact specifically with DNA because portions of the bases
are exposed in the major groove. However, in order to initiate
RNA synthesis correctly, RNA polymerase must first recognize
the initiation sites on the DNA. These sites, called promoters,
are recognized by the sigma factor (Figure 6.26).

Once the RNA polymerase has bound to the promoter, tran-
scription can proceed. In this process, the DNA double helix at
the promoter is opened up by the RNA polymerase to form a
transcription bubble. As the polymerase moves, it unwinds the
DNA in short segments. This transient unwinding exposes the
template strand and allows it to be copied into the RNA comple-
ment. Thus, promoters can be thought of as pointing RNA po-
lymerase in one direction or the other along the DNA. If a region of
DNA has two nearby promoters pointing in opposite directions,
then transcription from one will proceed in one direction (on one
of the DNA strands) while transcription from the other promoter
will proceed in the opposite direction (on the other strand).

Once a short stretch of RNA has been formed, the sigma factor
dissociates. Elongation of the RNA molecule is then carried out by
the core enzyme alone (Figure 6.25). Sigma is only needed to form
the initial RNA polymerase–DNA complex at the promoter. As the
newly made RNA dissociates from the DNA, the opened DNA
closes back into the original double helix. Transcription stops at
specific sites called transcription terminators (Section 6.14).

Unlike DNA replication, which copies entire genomes, tran-
scription copies much smaller units of DNA, often as little as a
single gene. This system allows the cell to transcribe different
genes at different frequencies, depending on the needs of the cell
for different proteins. In other words, gene expression is regu-
lated. As we shall see in Chapter 8, regulation of transcription is
an important and elaborate process that uses many different
mechanisms and is very efficient at controlling gene expression
and conserving cell resources.
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Figure 6.25 Transcription. (a) Steps in RNA synthesis. The initiation
site (promoter) and termination site are specific nucleotide sequences on
the DNA. RNA polymerase moves down the DNA chain, temporarily
opening the double helix and transcribing one of the DNA strands. 
(b) Electron micrograph of transcription along a gene on the Escherichia
coli chromosome. The region of active transcription is about 2 kb pairs of
DNA. Transcription is proceeding from left to right, with the shorter tran-
scripts on the left becoming longer as transcription proceeds.
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Definição: operon é um conjunto de genes vizinhos, codificantes ou não, transcritos
em uma única molécula de mRNA policistrônico.
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Síntese de Proteínas: tradução

generated by irradiation with X-rays required additional nutrients in order to
grow. Presumably, the offspring of the radiation-damaged cells lacked the spe-
cific enzymes necessary to synthesize those nutrients.

The link between DNA and enzymes (nearly all of which are proteins) is
RNA. The DNA of a gene is transcribed to produce an RNA molecule that is
complementary to the DNA. The RNA sequence is then translated into the cor-
responding sequence of amino acids to form a protein (Fig. 3-12). These trans-
fers of biological information are summarized in the so-called central dogma
of molecular biology formulated by Crick in 1958.

In this diagram, arrows represent information transfer when DNA directs its
own replication to produce new DNA molecules; when DNA is transcribed
into RNA; and when RNA is translated into protein.

Just as the daughter strands of DNA are synthesized from free deoxynu-
cleoside triphosphates that pair with bases in the parent DNA strand, RNA
strands are synthesized from free ribonucleoside triphosphates that pair with
the complementary bases in one DNA strand of a gene (transcription is de-
scribed in greater detail in Chapter 26). The RNA that corresponds to a
protein-coding gene (called messenger RNA, or mRNA) makes its way to a
ribosome, an organelle that is itself composed largely of RNA (ribosomal
RNA, or rRNA). At the ribosome, each set of three nucleotides in the mRNA
pairs with three complementary nucleotides in a small RNA molecule called

replication

transcription translation
DNA RNA protein

50
Chapter 3 Nucleotides, Nucleic Acids, 
and Genetic Information

FIG. 3-12 Transcription and translation.
One strand of DNA directs the synthesis of
messenger RNA (mRNA). The base sequence of
the transcribed RNA is complementary to that of
the DNA strand. The message is translated
when transfer RNA (tRNA) molecules align with
the mRNA by complementary base pairing 
between three-nucleotide segments known as
codons. Each tRNA carries a specific amino
acid. These amino acids are covalently joined to
form a protein. Thus, the sequence of bases in
DNA specifies the sequence of amino acids in a
protein.

What might happen if a mutation
changed one of the nucleotides in the
DNA?
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a transfer RNA, or tRNA (Fig. 3-13). Attached to each tRNA molecule is its
corresponding amino acid. The ribosome catalyzes the joining of amino acids,
which are the monomeric units of proteins (protein synthesis is described in
detail in Chapter 27). Amino acids are added to the growing protein chain
according to the order in which the tRNA molecules bind to the mRNA. Since
the nucleotide sequence of the mRNA in turn reflects the sequences of nu-
cleotides in the gene, DNA directs the synthesis of proteins. It follows that al-
terations to the genetic material of an organism (mutations) may manifest
themselves as proteins with altered structures and functions.

Using techniques that are described in the following sections and in other
parts of this book, researchers can compile a catalog of all the information en-
coded in an organism’s DNA. The study of the genome’s size, organization,
and gene content is known as genomics. By analogy, transcriptomics refers
to the study of gene expression, which focuses on the set of mRNA molecules,
or transcriptome, that is transcribed from DNA under any particular set of
circumstances. Finally, proteomics is the study of the proteins (the proteome)
produced as a result of transcription and translation. Although an organism’s
genome remains essentially unchanged throughout its lifetime, its transcrip-
tome and proteome may vary significantly among different types of tissues,
developmental stages, and environmental conditions.

4 Nucleic Acid Sequencing
K E Y  C O N C E P T S
• In the laboratory, nucleic acids can be cut at specific sequences by restriction

enzymes.
• Nucleic acid fragments are separated by size using electrophoresis.
• In the chain-termination method, DNA polymerase generates DNA fragments that

are randomly terminated. The identities of the terminator nucleotides of successive
fragments reveal the original DNA sequence.

• The human genome contains !23,000 genes, corresponding to about 1.2% of its
3 billion nucleotides.

• Sequence differences reveal evolutionary changes.

Much of our current understanding of protein structure and function rests
squarely on information gleaned not from the proteins themselves, but indi-
rectly from their genes. The ability to determine the sequence of nucleotides in

51

FIG. 3-13 Translation. tRNA molecules
with their attached amino acids bind to 
complementary three-nucleotide sequences
(codons) on mRNA. The ribosome facilitates the
alignment of the tRNA and the mRNA, and it
catalyzes the joining of amino acids to produce a
protein chain. When a new amino acid is added,
the preceding tRNA is ejected, and the ribosome
proceeds along the mRNA.
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See Guided Exploration 1
Overview of transcription and translation.

C H E C K P O I N T

• Explain why the double-stranded nature of
DNA is relevant for copying and transmit-
ting genetic information when a cell divides.

• Summarize the steps of the central dogma.
What role does RNA play in each?

Section 4 Nucleic Acid Sequencing
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Tradução – síntese protéica
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transcription is complete (Figure 8.10). Because mRNA is pro-
duced in the cytoplasm, the start codons of an mRNA being 
transcribed are available to ribosomes before the entire mRNA 
molecule is even made.

In eukaryotic cells, transcription takes place in the nu-
cleus. The mRNA must be completely synthesized and moved 
through the nuclear membrane to the cytoplasm before trans-
lation can begin. In addition, the RNA undergoes processing 
before it leaves the nucleus. In eukaryotic cells, the regions of 
genes that code for proteins are often interrupted by noncod-
ing DNA. Thus, eukaryotic genes are composed of exons, the 
regions of DNA expressed, and introns, the intervening regions 
of DNA that do not encode protein. In the nucleus, RNA poly-
merase synthesizes a molecule called an RNA transcript that 
contains copies of the introns. Particles called small nuclear 
ribonucleoproteins, abbreviated snRNPs and pronounced 
“snurps,” remove the introns and splice the exons together. In 

some organisms, the introns act as ribozymes to catalyze their 
own removal (Figure 8.11).

* * *
To summarize, genes are the units of biological information  
encoded by the sequence of nucleotide bases in DNA. A gene is  
expressed, or turned into a product within the cell, through 
the processes of transcription and translation. The genetic in-
formation carried in DNA is transferred to a temporary mRNA 
molecule by transcription. Then, during translation, the mRNA 
directs the assembly of amino acids into a polypeptide chain: 
a ribosome attaches to mRNA, 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 synthesized protein. 00

TM Animations Translation: 
Overview, Genetic Code, Process

CHECK YOUR UNDERSTANDING

✓ What is the role of the promoter, terminator, and mRNA in 
transcription? 8-4

✓ How does mRNA production in eukaryotes differ from the process 
in prokaryotes? 8-5

The Regulation of Bacterial  
Gene Expression
LEARNING OBJECTIVES
8-6 Define operon.

8-7 Explain pre-transcriptional regulation of gene expression in 
bacteria.

8-8 Explain post-transcriptional regulation of gene expression.

A cell’s genetic machinery and its metabolic machinery are in-
tegrated and interdependent. Recall from Chapter 5 that the 
bacterial cell carries out an enormous number of metabolic reac-
tions. The common feature of all metabolic reactions is that they  
are catalyzed by enzymes. Also recall from Chapter 5 (page 118) 
that feedback inhibition stops a cell from performing unneeded 
chemical reactions. Feedback inhibition stops enzymes that have 
already been synthesized. We will now look at mechanisms to 
prevent synthesis of enzymes that are not needed.

We have seen that genes, through transcription and trans-
lation, direct the synthesis of proteins, many of which serve 
as enzymes—the very enzymes used for cellular metabolism. 
Because protein synthesis requires a huge amount of energy, 
regulation of protein synthesis is important to the cell’s energy 
economy. Cells save energy by making only those proteins 
needed at a particular time. Next we look at how chemical 
reactions are regulated by controlling the synthesis of the 
enzymes.

Many genes, perhaps 60–80%, are not regulated but are in-
stead constitutive, meaning that their products are constantly 

Figure 8.10 Simultaneous transcription and translation 
in bacteria. Many molecules of mRNA are being synthesized 
simultaneously. The longest mRNA molecules were the first to be 
transcribed at the promoter. Note the ribosomes attached to the newly 
forming mRNA. The micrograph shows a polyribosome (many ribosomes) 
in a single bacterial gene.

Q    Why can translation begin before transcription is complete in 
prokaryotes but not in eukaryotes?
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Exon Intron Exon Intron Exon

1 In the nucleus, a gene composed of exons and introns
is transcribed to RNA by RNA polymerase.

2 Processing involves snRNPs in the nucleus to remove
the intron-derived RNA and splice together the exon-
derived RNA into mRNA.

mRNA

RNA
transcript

DNA

3 After further modification, the mature mRNA
travels to the cytoplasm, where it
directs protein synthesis.

Nucleus

Cytoplasm

Figure 8.11 RNA processing in eukaryotic cells.

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

produced at a fixed rate. Usually these genes, which are 
effectively turned on all the time, code for enzymes that the cell 
needs in fairly large amounts for its major life processes; the  
enzymes of glycolysis are examples. The production of other  
enzymes is regulated so that they are present only when needed. 
Trypanosoma, the protozoan parasite that causes African sleep-
ing sickness, has hundreds of genes coding for surface glyco-
proteins. Each protozoan cell turns on only one glycoprotein 
gene at a time. As the host’s immune system kills parasites with 
one type of surface molecule, parasites expressing a different 
surface glycoprotein can continue to grow.

Pre-transcriptional Control
Two genetic control mechanisms known as repression and induc-
tion regulate the transcription of mRNA and consequently the 
synthesis of enzymes from them. These mechanisms 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. 
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 formation of that 
product. Repression is mediated by regulatory proteins called  
repressors, which block the ability of RNA polymerase to 
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 transcription of 
a gene is called an inducer, and enzymes that are synthesized 
in the presence of inducers are inducible enzymes. The genes 
required for lactose metabolism in E. coli are a well-known 
example of an inducible system. One of these genes codes for the 
enzyme β-galactosidase, which splits the substrate lactose into 
two simple sugars, glucose and galactose. (β 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 β-galactosidase; however, when lactose is 
added to the medium, the bacterial cells produce a large quan-
tity of the enzyme. Lactose is converted in the cell to the related 
compound allolactose, which is the inducer for these genes; the 
presence of lactose thus indirectly induces the cells to synthe-
size more enzyme. The default position of an inducible gene is 
off.  00

TM Animations Operons: Induction, Repression

The Operon Model of Gene Expression
Details of the control of gene expression by induction and  
repression are described by the operon model. François 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 β-galactosidase, 
these enzymes include lac permease, which is involved in the 
transport of lactose into the cell, and transacetylase, which  
metabolizes certain disaccharides other than lactose.

Eucariotos

Já em eucariotos, a transcrição
ocorre no núcleo mas a tradução
ocorre no citoplasma e etapara
adicionais de processamento do 
mRNA (“splicing”) são executadas
antes da tradução.



Algumas propriedades dos operons
• Genes de uma mesma via metabólica muitas vezes formam 

operons no genoma de bactérias

• Agregam genes com funções relacionadas em operons
permite que um único promotor regule a expressão de 
vários genes, garantindo quantidades adequadas dos 
produtos gênicos (proteínas)

• Como não têm núcleo, as bactérias podem executar 
transcrição e tradução simultaneamente, no mesmo 
compartimento. Isso permite aos genes em operons
acoplar os processos de transcrição, tradução e formação 
de complexos, resultando em maior eficiência



Perguntas
• O que são ORFs (fases abertas de leitura)?

• O que são operons?

• O que é genoma?

• A síntese de nucleotídeos ocorre sempre em um 
único sentido, seja síntese de DNA ou RNA. Que
sentido é esse? Mostre as posições no anel da 
ribose.



Origens da diversidade genética



Mutação e evolução

Mutação

Evolução



Mutação

• Nomenclatura
• Técnicas de isolamento de mutantes

• Tipos de mutações



Mutação
• Definição

Mutação é uma alteração na sequência de bases de um gene que
não altera a composição química do DNA e que, pelo menos em
princípio, ser transmitida aos descendentes (hereditária).

• Difere dos danos no DNA, que por impedirem a replicação, 
não podem ser transmitidos

• Muitas das mutações, porém, surgem a partir do reparo de 
danos no DNA corrigidos por mecanismos de reparo
propensos a erro



Vocabulário de genética bacteriana

• Mutante
Linhagem geneticamente diferente da selvagem mas cuja 
origem pode ser traçada até uma linhagem de referência

• Marcadores
Um ou mais genes cujas mutações podem ser 
monitoradas por gerarem fenótipos identificáveis

Termo Definição

Linhagem
Selvagem Linhagem de referência, isolada e mantida em laboratório
Mutante Fenótipo diferente do selvagem parental



Vocabulário de genética bacteriana
Nomenclatura das mutações / mutantes

Tipo de alteração Exemplo Categoria Definição
Selvagem wt selvagem referência

Fenotípicas

His+ selvagem Posso fazer minha própria histidina
His- auxotrófico Tenho que comer histidina pra viver
Lac+ selvagem Posso comer lactose
Lac- Não como lactose

Genotípicas
ΔhisC1 auxotrófico His- porque o gene hisC1 não funciona
ΔhisC2 auxotrófico His- porque o gene hisC2 não funciona



Isolamento de Mutantes
• Mutações selecionáveis
– Mutações com efeito direto na capacidade de 

sobrevivência do organismo nas condições testadas
– Exemplos: resistência a antibióticos, ganho/perda da 

capacidade de sintetizar metabólitos e nutrientes
– Organismos não-resistentes podem ser selecionado por

meio com antibiótico

• Mutações não-selecionáveis
– Produzem efeito fenotípico de fácil observação mas sem

valor para a sobrevida do organismo
– Isolamento só pode ser feito pela observação visual



Isolamento de Mutantes
Mutante Selecionável Mutante Não-Selecionável

Fungos Aspergillus nidulans
Variação na pigmentação

Disco central com antibiótico



Processo de Varredura de Auxotróficos Nutricionais

Técnica de Plaqueamento de Réplica

His
-

Problema: selecionar uma deficiência

Problema: selecionar uma deficiência



Processo de Varredura de Auxotróficos Nutricionais
Problema: selecionar uma deficiência

Penicilina:
Mata células em crescimento ativo

Células Parentais (wt) são mortas porque podem crescer sem o aminoácido

Celulas wt + mutantes
Meio sem o aa + Penicilina

Mutantes
Meio com o aa

Meio com aa
Mutantes e wt que
sobreviveram ao
tratamento



Mutagênese

• Espontâneas
– Causadas por erros do sistema de replicação
– Muito raras nos genomas baseados em DNA
– Ocorrem com frequência 1000x maior em

genomas de RNA

• Induzidas
– Provocadas por agentes químicos ou físicos

externos à célula



Agentes químicos mutagênicos
Análogos de bases

5-Bromouracil Incorporada como timina; par com guanina (G) AT => GC, às vezes GC => AT

2-Aminopurine Incorporada como adenina, par com citosina (C) AT => GC, às vezes GC => AT 

Compostos que reagem com o DNA

Ácido nitroso (HNO2) Deamina adenina e citosina AT => GC e GC => AT 

Hydroxylamine (NH2OH) Reage com citosinas GC => AT 

Agentes alquilantes
Monofunctional:
etil-metanosulfonato

Adiciona grupos metil à guanina; 
pareamento com timina

GC => AT

Bifunctionais: mitomicina, 
nitrosoguanidina

Ligações cruzadas entre as fitas do DNA;
região danificada removida pela DNase

Mutações de ponto e 
deleções

Corantes intercalantes

Acridinas, brometo de etídeo Inserem-se entre dois pares de bases Microinserções ou microdeleções

Radiação

Ultravioleta Dímeros de pirimidinas Reparo com erro ou deleção

Radiação ionizante (raios-X) Dímeros de pirimidinas Reparo com erro ou deleção



Teste de Ames  (Bruce Ames)

Meio His- Meio His-

Agente mutagênico

Avaliação da capacidade mutagênica de um composto com base 
no número de colônias que revertem ao estado selvagem Mutantes

Controle negativo



Tipos de mutações
O efeito das mutações sobre regiões codificantes será determinado pela
fase de leitura e pela estrutura do código genético



Tipos de mutação: mutações pontuais
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Figure 6.1 Components of the nucleic acids. (a) The nitrogen bases
of DNA and RNA. Note the numbering system of the rings. In attaching
itself to the 19 carbon of the sugar phosphate, a pyrimidine base bonds
through N-1 and a purine base bonds at N-9. (b) Nucleotide structure.
The numbers on the sugar contain a prime (9) after them because the
rings of the nitrogen bases are also numbered. In DNA a hydrogen is
present on the 29-carbon of the pentose sugar. In RNA, an OH group
occupies this position. (c) Part of a DNA chain. The nucleotides are linked
by a phosphodiester bond. In addition to the bases shown, transfer
RNAs (tRNAs) contain unusual pyrimidines such as pseudouracil and
dihydrouracil, and various modified purines not present in other RNAs
(see Figure 6.33).

Cells may be regarded as chemical machines and coding devices.
As chemical machines, cells transform their vast array of macro-
molecules into new cells. As coding devices, they store, process,
and use genetic information. Genes and gene expression are the
subject of molecular biology. In particular, the review of molecu-
lar biology in this chapter covers the chemical nature of genes,
the structure and function of DNA and RNA, and the replication
of DNA. We then consider the synthesis of proteins, macromole-
cules that play important roles in both the structure and the
functioning of the cell. Our focus here is on these processes as
they occur in Bacteria. In particular, Escherichia coli, a member of
the Bacteria, is the model organism for molecular biology and is
the main example used. Although E. coli was not the first bac-
terium to have its chromosome sequenced, this organism
remains the best characterized of any organism, prokaryote or
eukaryote.

I DNA Structure and Genetic
Information

6.1 Macromolecules and Genes
The functional unit of genetic information is the gene. All life
forms, including microorganisms, contain genes. Physically,
genes are located on chromosomes or other large molecules
known collectively as genetic elements. Nowadays, in the
“genomics era,” biology tends to characterize cells in terms of
their complement of genes. Thus, if we wish to understand how
microorganisms function we must understand how genes encode
information.

Chemically, genetic information is carried by the nucleic acids
deoxyribonucleic acid, DNA, and ribonucleic acid, RNA. DNA
carries the genetic blueprint for the cell and RNA is the interme-
diary molecule that converts this blueprint into defined amino
acid sequences in proteins. Genetic information consists of the
sequence of monomers in the nucleic acids. Thus, in contrast to
polysaccharides and lipids, nucleic acids are informational
macromolecules. Because the sequence of monomers in pro-
teins is determined by the sequence of the nucleic acids that
encode them, proteins are also informational macromolecules.

The monomers of nucleic acids are called nucleotides, conse-
quently, DNA and RNA are polynucleotides. A nucleotide has
three components: a pentose sugar, either ribose (in RNA) or
deoxyribose (in DNA), a nitrogen base, and a molecule of phos-
phate, PO4

3-. The general structure of nucleotides of both DNA
and RNA is very similar (Figure 6.1). The nitrogen bases are
either purines (adenine and guanine) which contain two fused
heterocyclic rings or pyrimidines (thymine, cytosine, and uracil)
which contain a single six-membered heterocyclic ring (Figure
6.1a). Guanine, adenine, and cytosine are present in both DNA
and RNA. With minor exceptions, thymine is present only in
DNA and uracil is present only in RNA.

The nitrogen bases are attached to the pentose sugar by a
glycosidic linkage between carbon atom 1 of the sugar and a
nitrogen atom in the base, either nitrogen 1 (in pyrimidine bases)
or 9 (in purine bases). A nitrogen base attached to its sugar, but

Transição Transversão
Purina –
Purina 

Pirimidina –
Pirimidina

Purina –
Pirimidina

Pirimidina -
Purina

A è G C è T A è T T è A
G è A T è C A è C T è G

G è T C è A
G è C C è G

Mutações pontuais correspondem à troca de uma única base no genoma
São também conhecidas como polimorfirmos de um único nucleotídeo (SNPs)



Sentido
Trocado SelvagemSilenciosaSem Sentido

Tipos de Mutações Pontuais
Efeito em sequências codificantes

Tirosina

Asparagina Códon de 
parada

Tirosina Tirosina



Inserção ou Deleção de Uma base



Recombinação
e 

Transposição



Recombinação
homóloga

Resolvases como RecG e RuvC

RecBCD

Helicases

Formação de um HeteroDuplex



Transposição

• Mobilização ou duplicação de porções do 
genoma mediadas por enzimas especializadas
(transposases)

• Associadas a elementos genômicos mais ou
menos autônomos, chamados elementos
móveis



Transposição



Inserção de um transposon
É um exemplo de recombinação sítio específica



Mecanismo de Transposição



Elementos Transponíveis
IS: Sequência de Inserção

Mutação sem sentido na primeira transposase impede transposição independente

• Elemento transponível mais simples   
• Repetições invertidas (IR) de 10-50pb
• Possui apenas um gene (transposase) 

Transposon • Elemento transponível composto
• Pode carregar genes não envolvidos 

na mobilização do elemento



Permuta Genética em Procariotos

Três Mecanismos de Troca Genética
• Transformação
– Competência

• Transdução
– Generalizada
– Específica

• Conjugação
– Plasmídeos
– Cepas Hfr



Transferência Horizontal de DNA
Transformação Transdução*                       Conjugação

F+ Hfr

* transdução = transfecçãoDNA livre Mediado por vírus

• mediado por plasmídeos
• Exige contato célula-célula
• Depende de pilus



Experimento de Griffith com Streptococcus pneumoniae
Pneumonia Fatal

• 1920 : Primeira evidência de transformação Frederick Griffith

• Preparou o palco para a descoberta do DNA

• 1940: Oswald  T. Avery mostrou que o agente transformante era o DNA

• 1953: James Watson e Francis Crick e a estrutura do DNA

Células Lisas com Cápsula Células rugosas sem Cápsula



2 4 4 | MARCH  2004 | VOLUME 2  www.nature.com/reviews/micro

R E V I EW S

competence and piliation. In N. gonorrhoeae (FIG. 1;
TABLE 1), these would include: the major pilin (PilE),
the prepilin peptidase (PilD), the traffic NTPase
(PilF), the polytopic membrane protein (PilG), the
secretin (PilQ) with its pilot protein (PilP), and the
pilus-stabilizing protein (PilC). We favour the existence
of a competence pseudopilus as a structure that is
distinct from the T4P, albeit closely related, for several
reasons. Various observations indicate that the presence
of functional T4P and the ability to take up DNA have
different requirements — for example, the existence of
pilin variants that cannot assemble efficiently into a
pilus fibre, but can still support transformation, and
the requirement for the presence of minor pilins for
competence but not for T4P formation58–60. The major
pilin should be a structural component of both T4P and
the competence pseudopilus; the minor pilins could be
important in determining which structure is formed.

DNA53. In fact, there is considerable evidence that pili
are not necessary for transformation in N. gonorrhoeae,
although the expression of pilin is absolutely
required54–56. Other competent organisms, such as 
H. influenzae or the Gram-positive bacteria B. subtilis
and S. pneumoniae, require similar genes for DNA
uptake, but do not possess filamentous structures that
extend from the cell surface.

It has been proposed that a competence pseudopilus
— a structure similar to T4P — participates in the trans-
port of DNA during transformation57. This putative
structure would be present in both Gram-negative and
Gram-positive bacteria. The proposed function of the
competence pseudopilus is to bring exogenous DNA to
the transport machinery that is located at the cytoplasmic
membrane. In organisms with T4P, the pseudopilus
would be assembled using the same components as the
pilus, thereby accounting for the correlation between

ComGA

PulS

PulD

Assembly Disassembly

PilC DR

PulE

Pullulanase

PilTPilF

PilP

ComE

PilQ

a  Type II secretion
     Klebsiella oxytoca

b  Type IV pilus
     Neisseria 
     gonorrhoeae 

c  Competence
     Neisseria gonorrhoeae

d  Competence
     Bacillus subtilis

Periplasm

Inner membrane

ComEC

ComFA

Com
C

PilD
Com
GB

ComEA

Outer membrane

PulO
SecPulF ComAPilGPilD

Figure 1 | Comparison of machinery required for type II secretion, type IV pilus formation and transformation in Gram-negative and Gram-positive
bacteria. a | A schematic model for type II secretion, based on the pullulanase secretion system (Pul) from Klebsiella oxytoca. Not all components are represented.
The pseudopilins, both major (PulG; orange) and minor (PulH,-I,-J and -K; red), are processed by the prepilin peptidase (PulO), and assembled into the pseudopilus.
The polytopic membrane protein (PulF) and the traffic NTPase (PulE) participate in the process. Pullulanase (brown) is secreted into the periplasm by the Sec system,
and crosses the outer membrane through a channel that is formed by the secretin (PulD), with the assistance of its pilot protein (PulS). b | A schematic model for type
IV pilus formation, based on the Neisseria gonorrhoeae pilus. The major pilin (PilE; orange) and minor pilin (PilV; magenta) are processed by the prepilin peptidase (PilD),
and assembled into the pilus fibre. The polytopic membrane protein (PilG) and the traffic NTPase (PilF) participate in this process. The outer-membrane/tip-located
protein (PilC) stabilizes the assembled filament. The pilus crosses the outer membrane through a channel that is formed by the secretin (PilQ), with the assistance of its
pilot protein (PilP). A second traffic NTPase (PilT) mediates the depolymerization of the pilus into pilin monomers and consequent retraction of the pilus. c | A schematic
model for the competence pseudopilus and DNA translocase in N. gonorrhoeae. Assembly of the pseudopilus requires the same components as the type IV pilus
(shown in part b). The major pilin (PilE; orange) and minor pilin (ComP; blue) are processed by the prepilin peptidase (PilD), and assembled into the pseudopilus. The
polytopic membrane protein (PilG) and the traffic NTPase (PilF) participate in this process, as well as PilC (not shown). The specific sequence in the exogenous DNA
that is required for efficient uptake is recognized by its postulated, but as-yet-unidentified, receptor (DR). The incoming DNA is transported across the outer membrane
through a channel that is formed by the secretin (PilQ), with the assistance of its pilot protein (PilP). The periplasmic DNA-binding protein (ComE) is involved in uptake,
and delivers the DNA to the channel at the cytoplasmic membrane (ComA). One strand enters the cytosol; the other is degraded and the degradation products are
released into the periplasmic space. d | A schematic model for the competence pseudopilus and DNA translocase in Bacillus subtilis. The major pseudopilin (ComGC;
orange) and minor pseudopilins (ComGD, -GE and -GG; blue) are processed by the prepilin peptidase (ComC), and assembled into the pseudopilus. The polytopic
membrane protein (ComGB) and the traffic NTPase (ComGA) participate in this process. The pseudopilus allows the exogenous DNA to access its membrane-bound
receptor (ComEA), which delivers the bound DNA to the channel at the cytoplasmic membrane (ComEC). An ATP-binding protein (ComFA) is involved in DNA
transport across the membrane. One strand enters the cytosol, while the other is degraded and the degradation products are released into the extracellular milieu.

Transformação
• Em geral, são transferidos fragmentos de 

DNA pequenos
• Proteínas especializadas protegem o 

DNA da degradação intracelular
• Recombinação necessária para herança

do DNA capturado



Competência na Transformação
• Bactérias naturalmente transformáveis são chamadas

competentes. Exemplos:

– Bacillus: 20% das células se tornam competentes e 
permanecem por por horas

– Streptococcus durante o ciclo de crescimento 100% ficam
competentes – período curto de tempo

• Células não compenetes
– Tratamentos físicos e químicos permitem induzir a 

permeabilidade da parede celular
– Cloreto de Cálcio
– Eletroporação: aplicação de pulsos elétricos curtos de alta 

voltagem



Transdução

Ciclo Lítico
e

Via lisogênica



Transdução Generalizada
Uma pequena parcela das particulas serão transdutoras, ou seja, carregarão um fragmento
do DNA genômico ao invés de uma cópia do vírus!



Transdução Específica

Parte do DNA viral fica

Gene de galactose

Partícula víral deficiente mas 
capaz de transferir o DNA



Conjugação
• Conjugação: Transferência genética entre duas células que envolve contato

• Envolve: célula doadora e receptora

• Mecanismo de transferência pode exibir diferenças dependendo do
plasmídeo envolvido

• A maioria das bactérias Gram-negativas usam um mecanismo semelhante
ao do plasmídeo F

• Normalmente, o plasmídeo é replicado por polimerases celulares e
segregado por proteínas próprias

• Pode também ser integrado no cromossomo da célula hospedeira por
intermédio de sequências de inserção (IS)



Plasmídeo F
Genes envolvidos na
transferência do plasmídio,
como proteínas envolvidas
na biossíntese do pili F

Genes envolvidos na
formação do par conjugante

Diferentes plasmídeos
podem codificar proteínas
diferentes que vão ter o pili
ligeiramente diferente

Origem de transferência

replicação

IS
Recombinar com sequências 
equivalentes na célula hospedeira 
gerando diferentes linhagens Hfr



Transferência do DNA Plasmidial por Conjugação

Replicação por circulo rolante
Mecanismo utilizado por alguns vírus

TraI
Helicase e 
nuclease

• Processo que leva 5min (plasmídeo de 100 kbp)
• O Plasmídeo consegue se dissiminar rapidamente na população e é, 

portanto, um agente infeccioso

Nota: a célula receptora pode perder o plasmídeo



Processo de integração do plasmídeo F  (Hfr) 
Recombinação Sítio específica 



Transferência de alguns genes cromossomais por
conjugação

• Hfr: Alta frequência de 
recombinação

• Plasmidio está integrado
• Transferir grandes 

quantidades de genes
• Receptora não será Hfr : 

apenas uma parte do 
plasmidio é transferida

O fragmento transferido é
integrado na célula aceptora por
recombinação da parte homóloga
(verde)



Formação de Diferentes Linhagens
Hfr

• Diferentes linhagens Hfr:
Ilustrado 4 linhagens
diferentes

• Diferentes sítios de inserção

• Direção de inserção pode
ser diferente – transferência
de genes é diferente



Tempo de transferência de genes em uma
cultura de acasalemanto



Malha de transferência lateral de 
genes em bactérias



MID 2

Sources of genetic variation: frequency of occurrence

Genetic Basis of Variation in Bacteria

I. Organization of genetic material in bacteria
a. chromosomes
b. plasmids

II. Genetic variation: Source
a. point mutations
b. DNA rearrangements

III. Genetic variation: Transmission  
a. transformation
b. transduction
c. conjugation

IV. Genetic variation: Implications for pathogenesis

Origens da diversidade genética em bactérias
– Resistência cromossomal

• Mutações cromossômicas

– Resistência extra-cromossomal
• Transferência lateral



Perguntas
• Você tem Hfr, His+ e Lac+ e uma célula F- resistente a 

canamicina. Qual fenótipo você espera observar para a 
célula conjugada? A célula F- se transforma em F+ e 
Hfr?

• Mutação de sentido trocado pode causar que
problemas para a célula?

• Uma célula F+ com resistência aos antibióticos Amp, 
Str e Gen, torna a célula receptora resistente a quais
antibióticos? O processo de conjugação pode ser um 
problema para a saúde pública, em qual aspecto? 



Perguntas

• Na transdução especializada, a célula
receptora pode em alguns casos replicar o 
DNA da célula doadora? E no caso da
transdução generalizada?

• O que é competência no processo de 
transformação?



Os resultados abaixo foram obtidos a partir de dois experimentos de transferência

de resistência a antibióticos por conjugação:

a. Em qual dos experimentos a conjugação bacteriana ocorreu com sucesso? Identifique a
célula doadora e a receptora. Justifique suas respostas.

a. Quais características a célula Receptora, doadora e conjugada possuem: Ar, Br e Lac+

MC MC + Antib. A MC + Antib. B MC + Antib. A + Antib. B

MC MC + Antib. A MC + Antib. B MC + Antib. A + Antib. B

I )

II )
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