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Preface

My aim in writing Gene Function has been to present an up-to-date picture of the
molecular biology of Escherichia coli. I have not attempted a chronological
description, believing that a mechanistic account is more useful for such a highly
developed field.

I have divided the book into four parts. Part I is a general introduction to
bacterial systems, their genetic material, structure, composition and growth. It
has seemed desirable to include herein a brief preview of the remaining text, to
introduce the nomenclature and to help place subsequent chapters in perspective.
The expression of genetic material and its perturbation through mutation is
considered in Part II. Part III discusses how the transfer of prokaryotic genetic
material can be mediated by plasmids and bacteriophages. It describes the DNA
transactions involved (replication, recombination and repair) and ends with a
description of the genetic and biochemical techniques employed in the study of
gene organisation. Finally, Part IV considers the control of expression of
bacterial, plasmid and phage genes. Key reviews are listed at the end of each
chapter.

I should like to express my gratitude to the following: Richard Hayward,
Michael Hunter, Robert Lloyd, David McConnell, Vishvanath Nene and Terek
Schwartz for invaluable advice and criticism of the text; Michael Billett, Ray
McKee and Philip Strange for comments on certain areas; Tony Brown for good
counsel; Bryan Clarke for a ‘sensible’ title; Colin Wilde for constructing the
index; Gill Burgess and Rosalyn Chapman for patiently typing the manuscript;
Sally Smith for her superb graphic work; Ray McKee for supplying material for
photographing; Kate Kirwan and the audio-visual department of the Queen’s
Medical Centre for photographic work.

Robert E. Glass
Nottingham
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in memory.



Contents

List of Tables
Preface

PART ONE:

1 The Bacterial Cell
1.1 The Nature of the Genetic Material

1.1.1
(a)
(b)
(o

1.1.2
(a)
(b)
(c)
(d)
(e)

1.1.3

[y

INTRODUCTION

WK W

Structural Considerations

The Composition of Nucleic Acid
The Double Helix

Chromosome Structure

The Biological Role of Nucleic Acid: A Preview 15
Gene Expression

Replication

Genetic Recombination

DNA Repair

Symmetrical Recognition Sequences

Phenotype and Genotype 26

1.2 Cell Composition 28

1.2.1
1.2.2

The Cell Envelope 29
Cellular Appendages 34

1.3 Bacterial Growth 36

1.3.1
(a)
(b)
(c)

1.3.2
(a)
(b)

Bibliography

An Introduction to Metabolism 36

Production of the Chemical Intermediate, ATP

Biosynthetic Reactions

Pathway Regulation

Growth of Populations 39

Growth Requirements

Culture Characteristics

(i) Lag Phase; (ii) Exponential Phase; (iii) Stationary Phase
46



PART TWO: GENE EXPRESSION

2 RNA and Protein Production
2.1 DNA Transcription
2.1.1 The Elements of Transcription
(a) DNA-Dependent RNA Polymerase
(b) Transcription Factors
2.1.2 The Mechanism of Transcription
(a) The Transcription Cycle
(1) Initiation; (ii) Elongation; (iii) Termination
(b) Control: RNA Synthesis and Decay
(c) Antibiotic Inhibitors of Transcription

2.2 RNA Translation

2.2.1 The Elements of Translation
(a) The Genetic Code
(b) Transfer RNA
(c) The Ribosome
2.2.2 The Mechanism of Translation
(a) The Ribosome Cycle
(i) Initiation; (ii) Elongation; (iii) Termination
(b) Post-Translational Modification
(c) Control
(d) Antibiotic Inhibitors of Translation

Bibliography

3 Mutation

31 Mutation Classification

3.1.1 Types of Point Mutation
(a) Samesense Mutation
(b) Missense Mutation
(¢) Nonsense Mutation
(d) Frameshift Mutation
3.1.2 Conditional Mutants

3.2 Mutagenesis

3.2.1 The Molecular Basis of Mutagenesis
(a) Spontaneous Mutation
(b) Induced Mutation
(i) Radiation; (ii) Chemical Mutagens
(c) Mutational Hotspots
3.2.2 The Application of Mutagenesis to Bacterial Systems

49

51
55
56

58

71
71

90

107

110
111
113

114

116
117

132



(a) Isolation of Independent Mutants that Carry Single Lesions

(b) Mutant Selection
(i) Replica-plating; (ii) Penicillin Enrichment

3.3  Suppression

3.3.1 Intragenic Suppression

3.3.2 Intergenic Suppression

3.3.3 Phenotypic Suppression: The Role of the Ribosome
in Misreading

3.4  Summary: Mutation Identification
Bibliography

PART THREE: GENE TRANSFER

4 Plasmids
4.1  The F Plasmid
4.1.1 Vegetative Replication
4.1.2 F Transfer
(a) The Mechanism of Transfer
(b) Barriers to Transfer
4.1.3 F-Mediated Transfer
(a) F integration : Hfr Formation
(i) Insertion; (ii) Hfr Transfer; (iii) The One Hundred
Minute Map
{b) F Excision : F-Prime Formation

4.2 A Guide to Naturally-Occurring Plasmids
4.2.1 R Plasmids
4.2.2 Col Plasmids

Bibliography

5 Bacteriophages

5.1  Bacteriophages and their Life-Cycles

5.1.1 Anatomical Considerations
(a) Phage Morphology
(b) The Viral Genome
5.1.2 Phage Infection
(a) The Lytic Response
(b) Morphogenesis

135

138
140

146

150
153

157

159
160

160
161

166

184

187
187

191

193

193
194

197



(c)

The Lysogenic Response

5.1.3 Phage Methodology 205
(a) Titration: The Plaque Assay
(b) Production of Phage Lines
5.2  Bacteriophage-Mediated Gene Transfer 209
5.2.1 Generalised Transduction 211
5.2.2 Specialised Transduction 215
Bibliography 2217
6 Reactions of DNA 230
6.1 DNA Replication 231
6.1.1 The Elements of Replication 234
(a) DNA-Dependent DNA Polymerases
(b) Protein Components of the Replication Fork
6.1.2 The Mechanism of Bacterial Replication 243
(a} Bidirectional Replication of the £. coli Chromosome
(i) Initiation; (ii) Elongation; (iii) Termination
(b) The Role of the Cell Envelope in Replication
(c) Control of DNA Replication
(d) Antibiotic Inhibitors of Replication
6.1.3 Replication of Small Genetic Elements 260
(a) Plasmid Production
(b) Viral DNA Synthesis
6.2  Genetic Recombination 268
6.2.1 General Recombination 271
(a) The Elements of General Recombination
(i) The recA Gene Product; (ii) The Involvement of Other
Gene Products in Recombination
(b) Recombination Pathways
(i) recA-mediated Pathways; (ii) The rpo Pathway
(c) The Mechanism of General Recombination
(i) Strand Breakage; (ii) Strand Pairing; (iii) Strand Invasion;
(iv) Chiasma Formation; (v) Breakage and Reunion;
(vi) Mismatch Repair
6.2.2 Non-Homologous Recombination 292
(a) Site-Specific Recombination
(i) Bacteriophages; (ii) Insertion Sequences and Transposons
(b) Illegitimate Recombination
6.2.3 Phylogenetic Implications of Recombination 307



6.3 DNA Repair 312

6.3.1
(a)
6.3.2
(a)

The Elements of DNA Repair 313
Specific Repair Enzymes

The Mechanism of DNA Repair 318
Pre-Replication Repair

(i) Excision Repair; (ii) Photoreactivation;
(iii) Base Replacement

(b) Post-Replication Repair
(i) Daughter-strand Gap Repair; (ii) Error-prone Induced Repair
Bibliography 325
7 Investigation of Gene Structure and Function 329
7.1  Genetic Analysis of Bacteria and their Viruses 329
7.1.1 The Elements of Genetic Analysis 330
(a) The cis-trans Complementation Test: The Gene as a
Unit of Function
(b) Recombination: An Indication of Genetic Distance
7.1.2 Mapping Bacterial Genes 336
(a) Conjugation
(i) Hfr Mating; (ii) F-Prime Plasmids
(b) Transduction

(c)

(i) P1 Generalised Transduction; (ii) Specialised Transduction
Mutagenesis by DNA Insertion Elements

(i) Bacteriophages as Transposable Genetic Elements:

(i1) Insertion Sequences and Transposons

(d) Pathway Analysis
7.1.3 Mapping Phage Genes 350
7.2 Monitoring Gene Function 353
7.2.1 Protein Biosynthesis 353
7.2.2 RNA Production 356
7.3 Physical Analysis of Gene Structure 358
7.3.1 DNA Isolation 358
7.3.2 Heteroduplex Analysis 359
7.3.3 Restriction Technology 360
(a) Restriction Cleavage Maps

(b)
Bibliography

DNA Cloning
369



PART FOUR: GENE REGULATION

8 Operon Control
8.1 Transcriptional Control
8.1.1 Control at RNA Chain Initiation
(a) Promoter Control
(i) The Elements of Promoter Control; (ii) Promoter
Control Circuits
(b) Cis- and Trans-Acting Regulatory Mutations
8.1.2 Control at RNA Chain Termination
(a) Polarity and its Suppression
(b) Attenuator Control

8.2  Post-Transcriptional Control
8.2.1 Control at the Level of the Transcript
8.2.2 Translational Control

Bibliography

9 Control of Bacterial Gene Expression

9.1  Catabolite-Controlled Operons: The Lactose System

9.1.1 The lac Operon

9.1.2 lac Promoter Control
(a) Induction and Repression
(b) Catabolite Control

9.2  Attenuator-Controlled Operons: The Tryptophan System

9.2.1 The trp Operon

9.2.2 trp Control
(a) trp Promoter Control
(b) trp Attenuator Control

9.3 Multivalent Control of Transcriptional-Translational Operons

371

373
373
374

381

388

388
388

389

390

391

392
395

401

401
405

411

9.3.1 Organisation of the Genes of the Transcription-Translation

Apparatus
(a) RNA Polymerase Operons
(b) RNA Operons

(i) Ribosomal RNA Operons; (ii) Transfer RNA Operons

(c) Ribosomal Protein Operons
9.3.2 Control of Transcriptional-Translational Operons
(a) Metabolic Control
(b) Stringent Control
(¢) Co-Transcriptional and Post-Transcriptional Control

411

419



Bibliography 423

10 Control of Extrachromosomal Genetic Elements 425
10.1 Regulation of F Plasmid Transactions 427
10.1.1 Organisation of the F Plasmid 427

(a) The Transfer Region
(b) The Replication Region
(c) The Insertion Region

10.1.2 Interaction between F and F-like R Plasmids 431
10.1.3 The ‘Life-Cycle’ of the F Plasmid 434
10.2 Regulation of Phage Lambda Development 434
10.2.1 Organisation of the Intracellular Viral Chromosome 435

(a) The Regulatory Region
(b) The Site-Specific Recombination Region
{c) Replication Elements
(d) The Morphogenetic Region
10.2.2 Lysogen Formation 449
(a) Establishment of Lysogeny: P_-promoted Transcription
(b) Maintenance of Lysogeny: P,,-promoted Transcription
10.2.3 Prophage Induction 452
(a) Repressor Inactivation
(b) Immediate-Early Transcription: P, - and P,-promoted Events
(c) Delayed-Early Transcription: P, - and Pg-promoted
Readthrough Past the Early Terminators t, t,, and t,
(d) Late Transcription: P -promoted Readthrough
10.2.4 The Lysogenic-Lytic ‘Decision’ 455

Bibliography 457

Index 459



Tables

1.1 Nucleic Acid Nomenclature 7
1.2 The Size of Some Genetic Elements 11
1.3 Some Non-Essential and Essential E. coli Genes 28
1.4 A Typical Synthetic Growth Medium for a Wild-Type Strain

of E. coli 41
2.1 Subunit Composition of E. coli RNA Polymerase Holoenzyme 57
2.2 Transcription Factors 57
2.3 The Genetic Code 74
2.4 Degeneracy of the Genetic Code 77
2.5 Some Common Modified Nucleosides of tRNA 80
2.6 Wobble Pairing: Non-Standard (and Standard) Base Pairing between

the 5'-Proximal Anticodon Base and 3'-Proximal Codon Base 83
2.7 Genetic Nomenclature for Components of the Translation

Apparatus 92
3.1 Mutagen Action 118
3.2 Some Common Carcinogenic Sources 122
3.3 Suppressor Classification 138
3.4 Nonsense Suppressors 148
3.5 Interaction ofthe Ribosomal Proteins S12(rpsL) and S4(rpsD) 151
3.6 Intrinsic Ambiguity in Codon-Anticodon Pairing as Shown by the

Range of Nonsense Suppression 151
3.7 Characterisation of Structural Gene Lesions 153
4.1 A Guide to Naturally-Occurring Plasmids 185
4.2 A Comparison of Chromosomal and Plasmid-Mediated

Antibiotic Resistance 189
5.1 Comparative Phage Anatomy 194
5.2 Some Phage Receptors 198
6.1 Properties of the Three E. coli DNA Polymerases 235
6.2 Chromosomal Genes Involved in Replication of the

Bacterial Genome 245
6.3 Alleles of recA and lexA 276
6.4 Chromosomal Genes Involved in Genetic Recombination 280
6.5 A Comparison of Four Models for General Recombination 295
6.6 Properties of Some Transposable Genetic Elements 300

6.7 Chromosomal Genes Implicated in DNA Repair 314



7.1 Properties of Some Type II Site-Specific Restriction
Endonucleases
8.1 Characteristics of Negative- and Positive-Contro! Systems
9.1 Mutations Affecting the Lac Phenotype
9.2 Mutations that Alter the Trp Phenotype
9.3 Components of the rRNA Polycistronic Operons
10.1 Some Lambda Genes and their Role in Phage Development

367
378
393
403
416
438



Part |
Infroduction






1 The Bacterial Cell

What is a bacterium? Of the multitude of different cellular organisms present on
our earth, all can be conveniently divided into two main groups: eukaryotes,
those that carry their genetic material physically retained within a membrane,
separate from the cytosol; and prokaryotes, those that lack a distinct nuclear
membrane. Bacteria are microscopic, predominantly unicellular species,
ubiquitous in nature, belonging to this latter class. They come in many shapes
and sizes: spherical, rod-shaped (straight or curved); some form a mycelium.
They have in common the ability to divide asexually by fission (certain species,
suchasBacillus subtilis, also survive by the generation of spores that are aerially
dispersed).

Why E'scherichia coli? Prominent in any list of the advantages of research on
bacteria must be the rapid growth and limited nutritional requirements of these
organisms. This allows the ready production of large quantities of cells — a
homogeneous population, moreover. Also important is that results are obtained
in a matter of hours (certainly no more than one or two days). Bacteria are easily
handled — they require minimal sterile techniques, being fast growers. Since the
strains of E. coli generally used are non-pathogenic, little (if any) containment is
necessary. The fact that E. coli grows on a defined medium is cruical for genetic
studies and for the investigation of biochemical pathways. It seems fortuitous
that this harmless gut bacterium was initially chosen for study since E. coli
(unlike Salmonella typhimurium) carries a functional system for lactose
utilisation, study of which led to formulation of the operon model for regulation
of expression of prokaryotic genetic material. Moreover, comparison of the
conjugative plasmids — extrachromosomal genetic elements able to transfer
between bacteria — present in different species suggests that the high transfer
efficiency of the F plasmid of E. coli was instrumental in its discovery.

The present discussion, indeed the remaining text, is restricted to E. coli and
its heritable elements. This is a reflection of the mass of research that has gone
into a single organism. Already, we know the complete structure of the genetic
material of certain of its simple viruses. The processes responsible for their
replication and propagation are likely to be elucidated completely in the near
future. The next level of challenge is, surely, a whole bacterium. Perhaps half of
the E. coli genetic material has been characterised in terms of coding potential,
and a number of regions have been sequenced. A unified, frontal attack on a
single species, albeit at many different levels, therefore has its advantages.
Critics of such prokaryotic studies have cited the clear disparity with higher
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