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Clathrin-Coated Vesicles Are Surrounded by Lattices Composed of
Clathrin and Adaptor Protein 360

The Assembly of Clathrin Coats Drives the Formation of Vesicles from
the Plasma Membrane and TGN 361

COPI- and COPII-Coated Vesicles Travel Between the ER and Golgi
Apparatus Cisternae 362

SNARE Proteins Mediate Fusion Between Vesicles and Target
Membranes 362

12.7 Lysosomes and Cellular Digestion 364

Lysosomes Isolate Digestive Enzymes from the Rest of the Cell 364

Lysosomes Develop from Endosomes 364

Lysosomal Enzymes Are Important for Several Different Digestive
Processes 365

Lysosomal Storage Diseases Are Usually Characterized by the
Accumulation of Indigestible Material 367

12.8 The Plant Vacuole: A Multifunctional Organelle 363

12.9 Peroxisomes 368

Most Peroxisomal Functions Are Linked to Hydrogen Peroxide
Metabolism 369

Plant Cells Contain Types of Peroxisomes Not Found in Animal Cells 370

Peroxisome Biogenesis Can Occur by Division of Preexisting Peroxisomes
or by Vesicle Fusion 370

Summary of Key Points 371

Problem Set 372

KEY TECHNIQUE Visualizing Vesicles at the Cell Surface Using Total
Internal Reflection (TIRF) Microscopy 354

HUMAN CONNECTIONS It's All in the Family 357

Cytoskeletal Systems 375

13.1 Major Structural Elements of the Cytoskeleton 376

Eukaryotes Have Three Basic Types of Cytoskeletal Elements 376

Bacteria Have Cytoskeletal Systems That Are Structurally Similar to
Those in Eukaryotes 376

The Cytoskeleton Is Dynamically Assembled and Disassembled 376

13.2 Microtubules 37s

Two Types of Microtubules Are Responsible for Many Functions in the
Cell 378

Tubulin Heterodimers Are the Protein Building Blocks of
Microtubules 378

Microtubules Can Form as Singlets, Doublets, or Triplets 379

Microtubules Form by the Addition of Tubulin Dimers at Their Ends 379

Addition of Tubulin Dimers Occurs More Quickly at the Plus Ends of
Microtubules 381

Drugs Can Affect the Assembly and Stability of Microtubules 381

GTP Hydrolysis Contributes to the Dynamic Instability of
Microtubules 382

Microtubules Originate from Microtubule-Organizing Centers Within the
Cell 383

MTOCs Organize and Polarize Microtubules Within Cells 384

Microtubule Stability Is Tightly Regulated in Cells by a Variety of
Microtubule-Binding Proteins 386

13.3 Microfilaments 3ss

Actin Is the Protein Building Block of Microfilaments 389

Different Types of Actin Are Found in Cells 389

G-Actin Monomers Polymerize into F-Actin Microfilaments 389

Specific Drugs Affect Polymerization of Microfilaments 390

Cells Can Dynamically Assemble Actin into a Variety of Structures 390

Actin-Binding Proteins Regulate the Polymerization, Length, and
Organization of Microfilaments 390

Proteins That Link Actin to Membranes 393

Phospholipids and Rho Family GTPases Regulate Where and When
Actin-Based Structures Assemble 394

13.4 Intermediate Filaments 396

Intermediate Filament Proteins Are Tissue Specific 397

Intermediate Filaments Assemble from Fibrous Subunits 398

Intermediate Filaments Confer Mechanical Strength on Tissues 398
The Cytoskeleton Is a Mechanically Integrated Structure 399

Summary of Key Points 399
Problem Set 400

KEY TECHNIQUE Studying the Dynamic Cytoskeleton 386
HUMAN CONNECTIONS When Actin Kills 395

m Cellular Movement: Motility and
Contractility 4oz

14.1 Microtubule-Based Movement Inside Cells:

Kinesins and Dyneins 403

Motor Proteins Move Cargoes Along MTs During Axonal Transport 403

Classic Kinesins Move Toward the Plus Ends of Microtubules 404

Kinesins Are a Large Family of Proteins 404

Dyneins Are Found in Axonemes and the Cytosol 404

Microtubule Motors Direct Vesicle Transport and Shape the
Endomembrane System 408

14.2 Microtubule-Based Cell Motility: Cilia and Flagella 40s
Cilia and Flagella Are Common Motile Appendages of Eukaryotic

Cells 408
Cilia and Flagella Consist of an Axoneme Connected to a Basal Body 409
Doublet Sliding Within the Axoneme Causes Cilia and Flagella to

Bend 410

14.3 Microfilament-Based Movement Inside Cells: Myosins 411

Myosins Are a Large Family of Actin-Based Motors with Diverse Roles in
Cell Motility 411

Many Myosins Move Along Actin Filaments in Short Steps 413

14.4 Microfilament-Based Motility: Muscle Cells in Action 413

Skeletal Muscle Cells Contain Thin and Thick Filaments 413

Sarcomeres Contain Ordered Arrays of Actin, Myosin, and Accessory
Proteins 414

The Sliding-Filament Model Explains Muscle Contraction 416



Cross-Bridges Hold Filaments Together, and ATP Powers Their
Movement 418

The Regulation of Muscle Contraction Depends on Calcium 418

The Coordinated Contraction of Cardiac Muscle Cells Involves Electrical
Coupling 421

Smooth Muscle Is More Similar to Nonmuscle Cells than to Skeletal
Muscle 422

14.5 Microfilament-Based Motility in Nonmuscle Cells 423

Cell Migration via Lamellipodia Involves Cycles of Protrusion,
Attachment, Translocation, and Detachment 423

Chemotaxis Is a Directional Movement in Response to a Graded Chemical
Stimulus 425

Amoeboid Movement Involves Cycles of Gelation and Solation of
Actin 425

Actin-Based Motors Move Components Within the Cytosol of Some
Cells 426

Summary of Key Points 426
Problem Set 427

KEY TECHNIQUE Watching Motors Too Small to See 406

HUMAN CONNECTIONS Dyneins Help Us Tell Left from Right 412

Beyond the Cell: Cell Adhesions,
Cell Junctions, and Extracellular
Structures 429

15.1 Cell-Cell Junctions 430

Adhesive Junctions Link Adjoining Cells 430

Transient Cell-Cell Adhesions Are Important for Many Cellular
Events 433

Tight Junctions Prevent the Movement of Molecules Across Cell
Layers 434

Gap Junctions Allow Direct Electrical and Chemical Communication
Between Cells 438

15.2 The Extracellular Matrix of Animal Cells 439

Collagens Are Responsible for the Strength of the Extracellular
Matrix 439
Elastins Impart Elasticity and Flexibility to the Extracellular Matrix 440
Collagen and Elastin Fibers Are Embedded in a Matrix of
Proteoglycans 441
Free Hyaluronate Lubricates Joints and Facilitates Cell Migration 443
Adhesive Glycoproteins Anchor Cells to the Extracellular Matrix 443
Fibronectins Bind Cells to the ECM and Guide Cellular Movement 443
Laminins Bind Cells to the Basal Lamina 444
Integrins Are Cell Surface Receptors That Bind ECM Components 444
The Dystrophin/Dystroglycan Complex Stabilizes Attachments of Muscle
Cells to the ECM 448

15.3 The Plant Cell Surface 449

Cell Walls Provide a Structural Framework and Serve as a Permeability
Barrier 449

The Plant Cell Wall Is a Network of Cellulose Microfibrils,
Polysaccharides, and Glycoproteins 449

Cell Walls Are Synthesized in Several Discrete Stages 450

Plasmodesmata Permit Direct Cell-Cell Communication Through the Cell
Wall 451

Summary of Key Points 452
Problem Set 453
HUMAN CONNECTIONS The Costly Effects of Weak Adhesion 435

KEY TECHNIQUE Building an ECM from Scratch 446

The Structural Basis of Cellular
Information: DNA, Chromosomes, and
the Nucleus 4ss

16.1 Chemical Nature of the Genetic Material 456

The Discovery of DNA Led to Conflicting Proposals Concerning the
Chemical Nature of Genes 456

Avery Showed That DNA Is the Genetic Material of Bacteria 457

Hershey and Chase Showed That DNA Is the Genetic Material of
Viruses 457

RNA Is the Genetic Material in Some Viruses 459

16.2 DNA Structure 461

Chargaff’s Rules Reveal That A=T and G=C 461

Watson and Crick Discovered That DNA Is a Double Helix 462

DNA Can Be Interconverted Between Relaxed and Supercoiled
Forms 464

The Two Strands of a DNA Double Helix Can Be Denatured and
Renatured 466

16.3 DNA Packaging 467

Bacteria Package DNA in Bacterial Chromosomes and Plasmids 467

Eukaryotes Package DNA in Chromatin and Chromosomes 470

Nucleosomes Are the Basic Unit of Chromatin Structure 470

A Histone Octamer Forms the Nucleosome Core 471

Nucleosomes Are Packed Together to Form Chromatin Fibers and
Chromosomes 471

Changes in Histones and Chromatin Remodeling Proteins Can Alter
Chromatin Packing 473

Chromosomal DNA Contains Euchromatin and Heterochromatin 474

Some Heterochromatin Plays a Structural Role in Chromosomes 474

Chromosomes Can Be Identified by Unique Banding Patterns 474

Eukaryotic Chromosomes Contain Large Amounts of Repeated DNA
Sequences 475

Eukaryotes Package Some of Their DNA in Mitochondria and
Chloroplasts 477

16.4 The Nucleus 478

A Double-Membrane Nuclear Envelope Surrounds the Nucleus 478
Molecules Enter and Exit the Nucleus Through Nuclear Pores 480

The Nucleus Is Mechanically Integrated with the Rest of the Cell 483
Chromatin Is Located Within the Nucleus in a Nonrandom Fashion 484
The Nucleolus Is Involved in Ribosome Formation 484
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Summary of Key Points 486
Problem Set 4s6

KEY TECHNIQUE FISHing for Specific Sequences 468
HUMAN CONNECTIONS Lamins and Premature Aging 485

DNA Replication, Repair, and
Recombination 4ss

17.1 DNA Replication 459

DNA Synthesis Occurs During S Phase 489

DNA Replication Is Semiconservative 489

DNA Replication Is Usually Bidirectional 491

Replication Initiates at Specialized DNA Elements 494

DNA Polymerases Catalyze the Elongation of DNA Chains 495

DNA Is Synthesized as Discontinuous Segments That Are Joined Together
by DNA Ligase 498

In Bacteria, Proofreading Is Performed by the 3’ — 5’ Exonuclease
Activity of DNA Polymerase 499
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RNA Primers Initiate DNA Replication 500

The DNA Double Helix Must Be Locally Unwound During
Replication 502

DNA Unwinding and DNA Synthesis Are Coordinated on Both Strands
via the Replisome 503

Eukaryotes Disassemble and Reassemble Nucleosomes as Replication
Proceeds 503

Telomeres Solve the DNA End-Replication Problem 505

17.2 DNA Damage and Repair 508

Mutations Can Occur Spontaneously During Replication 508
Mutagens Can Induce Mutations 510

DNA Repair Systems Correct Many Kinds of DNA Damage 512

17.3 Homologous Recombination
and Mobile Genetic Elements 517

Homologous Recombination Is Initiated by Double-Stranded Breaks in
DNA 517

Transposons Are Mobile Genetic Elements 519

Transposons Differ Based on Their Autonomy and Mechanism of
Movement 519

Bacterial Transposons Can Be Composite or Non-composite 520

Eukaryotes Also Have Transposons 521

Summary of Key Points 521
Problem Set 521

KEY TECHNIQUE The Polymerase Chain Reaction (PCR) 500

HUMAN CONNECTIONS Children of the Moon 514

Gene Expression: |. The Genetic Code
and Transcription s23

18.1 The Genetic Code and the Directional Flow of Genetic
Information 524

Transcription and Translation Involve Many of the Same Components
in Prokaryotes and Eukaryotes 524

Where Transcription and Translation Occur Differs in Prokaryotes and
Eukaryotes 524

In Some Cases RNA Is Reversed Transcribed into DNA 526

The Genetic Code 527

The Genetic Code Is a Triplet Code 529

The Genetic Code Is Degenerate and Nonoverlapping 530

Messenger RNA Guides the Synthesis of Polypeptide Chains 531

The Codon Dictionary Was Established Using Synthetic RNA Polymers
and Triplets 532

Of the 64 Possible Codons in Messenger RNA, 61 Encode Amino
Acids 532

The Genetic Code Is (Nearly) Universal 533

18.2 Mechanisms of Transcription 534

Transcription Involves Four Stages: RNA Polymerase Binding, Initiation,
Elongation, and Termination 534

Bacterial Transcription Involves o Factor Binding, Initiation, Elongation,
and Termination 534

Transcription in Eukaryotic Cells Has Additional Complexity Compared
with Prokaryotes 540

RNA Polymerases I, II, and III Carry Out Transcription in the Eukaryotic
Nucleus 540

Three Classes of Promoters Are Found in Eukaryotic Nuclear Genes, One
for Each Type of RNA Polymerase 541

General Transcription Factors Are Involved in the Transcription of All
Nuclear Genes 543

Elongation, Termination, and RNA Cleavage Are Involved in Completing
Eukaryotic RNA Synthesis 544

18.3 RNA Processing and Turnover 545

The Nucleolus Is Involved in Ribosome Formation 545

Ribosomal RNA Processing Involves Cleavage of Multiple rRNAs from a
Common Precursor 546

Transfer RNA Processing Involves Removal, Addition, and Chemical
Modification of Nucleotides 548

Messenger RNA Processing in Eukaryotes Involves Capping, Addition of
Poly(A), and Removal of Introns 549

Spliceosomes Remove Introns from Pre-mRNA 551

Some Introns Are Self-Splicing 552

The Existence of Introns Permits Alternative Splicing and Exon
Shuffling 553

Cells Localize Nuclear RNAs in Several Types of Processing Centers 554

Nucleic Acid Editing Allows Sequences to Be Altered 554

The C-Terminal Domain of RNA Polymerase II Coordinates RNA
Processing 555

Most mRNA Molecules Have a Relatively Short Life Span 555

The Abundance of mRNA Allows Amplification of Genetic
Information 555

Summary of Key Points 556
Problem Set 556

KEY TECHNIQUE Hunting for DNA-Protein Interactions 536

Gene Expression: Il. Protein Synthesis
and Sorting ss9

19.1 Translation: The Cast of Characters s60

Ribosomes Carry Out Polypeptide Synthesis 560

Transfer RNA Molecules Bring Amino Acids to the Ribosome 561

Aminoacyl-tRNA Synthetases Link Amino Acids to the Correct Transfer
RNAs 564

Messenger RNA Brings Polypeptide Coding Information to the
Ribosome 565

Protein Factors Are Required for Translational Initiation, Elongation,
and Termination 566

19.2 The Mechanism of Translation 566

Translational Initiation Requires Initiation Factors, Ribosomal Subunits,
mRNA, and Initiator tRNA 566

Chain Elongation Involves Cycles of Aminoacyl tRNA Binding, Peptide
Bond Formation, and Translocation 570

Most mRNAs Are Read by Many Ribosomes Simultaneously 572

Termination of Polypeptide Synthesis Is Triggered by Release Factors
That Recognize Stop Codons 572

Polypeptide Folding Is Facilitated by Molecular Chaperones 572

Protein Synthesis Typically Utilizes a Substantial Fraction of a Cell’s
Energy Budget 574

A Summary of Translation 575

19.3 Mutations and Translation 575

Suppressor tRNAs Overcome the Effects of Some Mutations 576
Nonsense-Mediated Decay and Nonstop Decay Promote the Destruction
of Defective mRNAs 577

19.4 Posttranslational Processing 577

19.5 Protein Targeting and Sorting 5s0

Cotranslational Import Allows Some Polypeptides to Enter the ER as
They Are Being Synthesized 580

The Signal Recognition Particle (SRP) Attaches the Ribosome-mRNA-
Polypeptide Complex to the ER Membrane 584

Protein Folding and Quality Control Take Place Within the ER 585

Proteins Released into the ER Lumen Are Routed to the Golgi Apparatus,
Secretory Vesicles, Lysosomes, or Back to the ER 585



Stop-Transfer Sequences Mediate the Insertion of Integral Membrane
Proteins 586

Posttranslational Import Is an Alternative Mechanism for Import into
the ER Lumen 586

Posttranslational Import Across Two Membranes Allows Some
Polypeptides to Enter Mitochondria and Chloroplasts 588

Summary of Key Points 590
Problem Set 591

KEY TECHNIQUE Protein Localization Using Fluorescent Fusion
Proteins 578

HUMAN CONNECTIONS To Catch a Killer: The Problem of Antibiotic
Resistance in Bacteria 583

The Regulation of Gene Expression so3

20.1 Bacterial Gene Regulation 594

Catabolic and Anabolic Pathways Are Regulated Through Induction and
Repression, Respectively 594

The Genes Involved in Lactose Catabolism Are Organized into an
Inducible Operon 595

The lac Operon Is Negatively Regulated by the lac Repressor 595

Studies of Mutant Bacteria Revealed How the lac Operon Is
Organized 597

Catabolite Activator Protein (CAP) Positively Regulates the lac
Operon 599

The lac Operon Is an Example of the Dual Control of Gene
Expression 599

The Structure of the lac Repressor/Operator Complex Confirms the
Operon Model 600

The Genes Involved in Tryptophan Synthesis Are Organized into a
Repressible Operon 600

Sigma Factors Determine Which Sets of Genes Can Be Expressed 600

Attenuation Allows Transcription to Be Regulated After the Initiation
Step 601

Riboswitches Allow Transcription and Translation to Be Controlled by
Small-Molecule Interactions with RNA 603

The CRISPR/Cas System Protects Bacteria Against Viral Infection 604

20.2 Eukaryotic Gene Regulation: Genomic Control 605

Multicellular Eukaryotes Are Composed of Numerous Specialized Cell
Types 605

Eukaryotic Gene Expression Is Regulated at Five Main Levels 605

The Cells of a Multicellular Organism Usually Contain the Same Set of
Genes 606

Gene Amplification and Deletion Can Alter the Genome 608

DNA Rearrangements Can Alter the Genome 609

Chromatin Decondensation Is Involved in Genomic Control 610

DNA Methylation Is Associated with Inactive Regions of the
Genome 611

20.3 Eukaryotic Gene Regulation: Transcriptional Control 615

Different Sets of Genes Are Transcribed in Different Cell Types 615

Proximal Control Elements Lie Close to the Promoter 616

Enhancers and Silencers Are DNA Elements Located at Variable
Distances from the Promoter 617

Coactivators Mediate the Interaction Between Regulatory Transcription
Factors and the RNA Polymerase Complex 619

Multiple DNA Control Elements and Transcription Factors Act in
Combination 620

DNA-Binding and Activation Domains of Regulatory Transcription
Factors Are Functionally Separable 620

Several Common Types of Transcription Factors Bind to DNA and
Activate Transcription 621

DNA Response Elements Coordinate the Expression of Nonadjacent
Genes 623

Steroid Hormone Receptors Act as Transcription Factors That Bind to
Hormone Response Elements 623

CREBs and STATs Are Examples of Transcription Factors Activated by
Phosphorylation 624

The Heat-Shock Response Element Coordinates Stress Responses 625

Homeotic Genes Encode Transcription Factors That Regulate Embryonic
Development 625

20.4 Eukaryotic Gene Regulation: Posttranscriptional Control 627

Control of RNA Processing and Nuclear Export Follows
Transcription 627

Translation Rates Can Be Controlled by Initiation Factors and
Translational Repressors 627

Translation Can Also Be Controlled by Regulation of mRNA
Degradation 629

RNA Interference Utilizes Small RNAs to Silence Gene Expression 630

MicroRNAs Produced by Normal Cellular Genes Silence the Translation
of mRNAs 631

Piwi-interacting RNAs Are Small Regulatory RNAs That Protect the
Germline of Eukaryotes 634

Long Noncoding RNAs Play a Variety of Roles in Eukaryotic Gene
Regulation 634

Posttranslational Control Involves Modifications of Protein Structure,
Function, and Degradation 634

Ubiquitin Targets Proteins for Degradation by Proteasomes 635

A Summary of Eukaryotic Gene Regulation 636

Summary of Key Points 637
Problem Set 638
HUMAN CONNECTIONS The Epigenome: Methylation and Disease 613

KEY TECHNIQUE Gene Knockdown via RNAi 632
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Molecular Biology Techniques for Cell
Biology 640

21.1 Analyzing and Manipulating DNA 640

Gel Electrophoresis Allows DNA to Be Separated by Size 641
Restriction Endonucleases Cleave DNA Molecules at Specific Sites 642
Restriction Mapping Can Characterize DNA 643

Restriction Endonucleases Can Identify Methylated DNA 644
Southern Blotting Identifies Specific DNAs from a Mixture 644
Restriction Enzymes Allow Production of Recombinant DNA 645
PCR Is Widely Used to Clone Genes 646

Genomic and cDNA Libraries Are Both Useful for DNA Cloning 646
Rapid Procedures Exist for DNA Sequencing 651




21.2 Analyzing Genomes 654

Whole Genomes Can Be Sequenced 654

Comparative Genomics Allows Comparison of Genomes and Genes
Within Them 656

The Field of Bioinformatics Helps to Decipher Genomes 657

Tiny Differences in Genome Sequence Distinguish People from One
Another 660

21.3 Analyzing RNA and Proteins 663

Several Techniques Allow Detection of mRNAs in Time and Space 663

The Transcription of Thousands of Genes Can Be Assessed
Simultaneously 664

Proteins Can Be Studied Using Electrophoresis 665

Antibodies Can Be Used to Study Specific Proteins 665

Proteins Can Be Isolated by Size, Charge, or Affinity 667

Proteins Can Be Identified from Complex Mixtures Using Mass
Spectrometry 668

Protein Function Can Be Studied Using Molecular Biology
Techniques 669

Protein-Protein Interactions Can Be Studied in a Variety of Ways 670

21.4 Analyzing and Manipulating Gene Function 672

Transgenic Organisms Carry Foreign Genes That Are Passed On to
Subsequent Generations 672

Transcriptional Reporters Are Useful for Studying Regulation of Gene
Expression 674

The Role of Specific Genes Can Be Assessed By Identifying Mutations and
by Knockdown 674

Genetic Engineering Can Produce Valuable Proteins That Are Otherwise
Difficult to Obtain 677

Food Crops Can Be Genetically Modified 678

Gene Therapies Are Being Developed for the Treatment of Human
Diseases 678

Summary of Key Points 679

Problem Set 680

KEY TECHNIQUE DNA Cloning 648

HUMAN CONNECTIONS More Than Your Fingertips: Identifying Genetic
“Fingerprints” 662

Signal Transduction Mechanisms:
|. Electrical and Synaptic Signaling in
Neurons es2

22.1 Neurons and Membrane Potential 653

Neurons Are Specially Adapted for the Transmission of Electrical
Signals 683

Neurons Undergo Changes in Membrane Potential 684

Resting Membrane Potential Depends on Ion Concentrations and
Selective Membrane Permeability 685

The Nernst Equation Describes the Relationship Between Membrane
Potential and Ton Concentration 686

Steady-State Ion Concentrations Affect Resting Membrane
Potential 686

The Goldman Equation Describes the Combined Effects of Tons on
Membrane Potential 687

22.2 Electrical Excitability and the Action Potential 6ss

Patch Clamping and Molecular Biological Techniques Allow Study of
Single Ion Channels 688

Specific Domains of Voltage-Gated Channels Act as Sensors and
Inactivators 688

Action Potentials Propagate Electrical Signals Along an Axon 692

Action Potentials Involve Rapid Changes in the Membrane Potential of
the Axon 692

Action Potentials Result from the Rapid Movement of Tons Through
Axonal Membrane Channels 692

Action Potentials Are Propagated Along the Axon Without Losing
Strength 694

The Myelin Sheath Acts Like an Electrical Insulator Surrounding the
Axon 695

22.3 Synaptic Transmission and Signal Integration 697

Neurotransmitters Relay Signals Across Nerve Synapses 697

Elevated Calcium Levels Stimulate Secretion of Neurotransmitters from
Presynaptic Neurons 700

Secretion of Neurotransmitters Involves the Docking and Fusion of
Vesicles with the Plasma Membrane 701

Neurotransmitters Are Detected by Specific Receptors on Postsynaptic
Neurons 703

Neurotransmitters Must Be Inactivated Shortly After
Their Release 704

Postsynaptic Potentials Integrate Signals from Multiple
Neurons 704

Summary of Key Points 705
Problem Set 706

KEY TECHNIQUE Patch Clamping 690

HUMAN CONNECTIONS In the Search for the Fountain of Youth, Are
People Paying for Poison? 702

Signal Transduction Mechanisms:
Il. Messengers and Receptors 7os

23.1 Chemical Signals and Cellular Receptors 709

Chemical Signaling Involves Several Key Components 709

Receptor Binding Involves Quantitative Interactions Between Ligands
and Their Receptors 710

Cells Can Amplify Signals Once They Are Received 711

Cell-Cell Signals Act Through a Limited Number of Receptors and Signal
Transduction Pathways 711

23.2 G Protein—Coupled Receptors 713

G Protein—Coupled Receptors Act via Hydrolysis of GTP 713

Cyclic AMP Is a Second Messenger Whose Production Is Regulated by
Some G Proteins 715

Disruption of G Protein Signaling Causes Human Disease 716

Many G Proteins Act Through Inositol Trisphosphate and
Diacylglycerol 717

The Release of Calcium Ions Is a Key Event in Many Signaling
Processes 718



23.3 Protein Kinase-Associated Receptors 722

Growth Factors Often Bind Protein Kinase-Associated Receptors 723

Receptor Tyrosine Kinases Aggregate and Undergo
Autophosphorylation 723

Receptor Tyrosine Kinases Initiate a Signal Transduction Cascade
Involving Ras and MAP Kinase 724

The Key Steps in RTK Signaling Can Be Dissected Using Mutants 725

Receptor Tyrosine Kinases Activate a Variety of Other Signaling
Pathways 727

Other Growth Factors Transduce Their Signals via Receptor Serine-
Threonine Kinases 727

23.4 Putting It All Together: Signal Integration 728

Scaffolding Complexes Can Facilitate Cell Signaling 729
Different Signaling Pathways Are Integrated Through Crosstalk 730

23.5 Hormones and Other Long-Range Signals 731

Hormones Can Be Classified by Their Chemical Properties 731

The Endocrine System Controls Multiple Signaling Pathways to
Regulate Glucose Levels 731

Steroid Hormones Bind Hormones in the Cytosol and Carry Them into
the Nucleus 733

Gases Can Act as Cell Signals 734

Summary of Key Points 736
Problem Set 737

KEY TECHNIQUE Calcium Indicators and Ionophores 721

HUMAN CONNECTIONS The Gas That Prevents a Heart Attack 735

m The Cell Cycle and Mitosis 73s

24.1 Overview of the Cell Cycle 739

24.2 Nuclear and Cell Division 743

Mitosis Is Subdivided into Prophase, Prometaphase, Metaphase,
Anaphase, and Telophase 743

The Mitotic Spindle Is Responsible for Chromosome Movements During
Mitosis 746

Cytokinesis Divides the Cytoplasm 749

Bacteria and Eukaryotic Organelles Divide in a Different Manner from
Eukaryotic Cells 752

24.3 Regulation of the Cell Cycle 753

Cell Cycle Length Varies Among Different Cell Types 753

Cell Cycle Progression Is Controlled at Several
Key Transition Points 754

Cell Fusion Experiments and Cell Cycle Mutants Identified Molecules
That Control the Cell Cycle 755

Progression Through the Cell Cycle Is Controlled by Cyclin-Dependent
Kinases (Cdks) 755

Cdk-Cyclin Complexes Are Regulated 756

The Anaphase-Promoting Complex Allows Exit from Mitosis 758

Checkpoint Pathways Monitor Key Steps in the Cell Cycle 758

Putting It All Together: The Cell Cycle Regulation Machine 761

24.4 Growth Factors and Cell Proliferation 762

Stimulatory Growth Factors Activate the Ras Pathway 762

Stimulatory Growth Factors Can Also Activate the PI 3-Kinase—Akt
Pathway 763

Inhibitory Growth Factors Act Through Cdk Inhibitors 764

24.5 Apoptosis 764

Apoptosis Is Triggered by Death Signals or Withdrawal of Survival
Factors 765

Summary of Key Points 767
Problem Set 768

KEY TECHNIQUE Measuring Cells Millions at a Time 740

HUMAN CONNECTIONS What Do Ethnobotany and Cancer Have in
Common? 750

m Sexual Reproduction, Meiosis, and
Genetic Recombination 770

25.1 Sexual Reproduction 771

Sexual Reproduction Produces Genetic Variety 771
Gametes Are Haploid Cells Specialized for Sexual
Reproduction 771

25.2 Meiosis 771

The Life Cycles of Sexual Organisms Have Diploid and Haploid
Phases 772

Meiosis Converts One Diploid Cell into Four Haploid Cells 772

Meiosis I Produces Two Haploid Cells That Have Chromosomes
Composed of Sister Chromatids 773

Meiosis IT Resembles a Mitotic Division 778

Defects in Meiosis Lead to Nondisjunction 779

Sperm and Egg Cells Are Generated by Meiosis Accompanied by Cell
Differentiation 781

Meiotic Maturation of Oocytes Is Tightly Regulated 782

25.3 Genetic Variability: Segregation
and Assortment of Alleles 7s4
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Meiosis Generates Genetic Diversity 784

Information Specifying Recessive Traits Can Be Present Without Being
Displayed 784

Alleles of Each Gene Segregate from Each Other During Gamete
Formation 785

Alleles of Each Gene Segregate Independently of the Alleles of Other
Genes 786

Chromosome Behavior Explains the Laws of Segregation and
Independent Assortment 787

The DNA Molecules of Homologous Chromosomes Have Similar Base
Sequences 787

25.4 Genetic Variability: Recombination and
Crossing Over 789

Chromosomes Contain Groups of Linked Genes That Are Usually
Inherited Together 789

Homologous Chromosomes Exchange Segments During Crossing
Over 789

Gene Locations Can Be Mapped by Measuring Recombination
Frequencies 791

25.5 Genetic Recombination in Bacteria and Viruses 792

Co-infection of Bacterial Cells with Related Bacteriophages Can Lead to
Genetic Recombination 792

Recombination in Bacteria Can Occur via Transformation or
Transduction 793

Conjugation Is a Modified Sexual Activity That Facilitates Genetic
Recombination in Bacteria 793
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25.6 Mechanisms of Homologous Recombination 796

DNA Breakage and Exchange Underlie Homologous Recombination
Between Chromosomes 796

The Synaptonemal Complex Facilitates Homologous Recombination
During Meiosis 796

Homologous Recombination Between Chromosomes Relies on High-
Fidelity DNA Repair 797

Summary of Key Points 799
Problem Set 799

HUMAN CONNECTIONS When Meiosis Goes Awry 780

KEY TECHNIQUE Using Mendel’s Rules to Predict Human Disease 790

Cancer Cells so02

26.1 How Cancers Arise s02

Tumors Arise When the Balance Between Cell Division and Cell
Differentiation or Death Is Disrupted 803

Cancer Cell Proliferation Is Anchorage Independent and Insensitive to
Population Density 804

Cancer Cells Are Immortalized by Mechanisms That Maintain Telomere
Length 804

Defects in Signaling Pathways, Cell Cycle Controls, and Apoptosis
Contribute to Cancer 804

Cancer Arises Through a Multistep Process Involving Initiation,
Promotion, and Tumor Progression 805

26.2 How Cancers Spread 306

Angiogenesis Is Required for Tumors to Grow Beyond a Few Millimeters
in Diameter 806

Blood Vessel Growth Is Controlled by a Balance Between Angiogenesis
Activators and Inhibitors 807

Cancer Cells Spread by Invasion and Metastasis 808

Changes in Cell Adhesion, Motility, and Protease Production Promote
Metastasis 808

Relatively Few Cancer Cells Survive the Voyage Through the
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Key Technique
Chapter 1: Using Immunofluorescence to Identify Specific
Cell Components

Chapter 2: Determining the Chemical Fingerprint of a Cell
Using Mass Spectrometry

Chapter 3: Using X-ray Crystallography to Determine Protein
Structure

Chapter 4: Using Centrifugation to Isolate Organelles

Chapter 5: Measuring How Molecules Bind One Another
Using Isothermal Titration Calorimetry

Chapter 6: Determining K, and V,,,,, Using Enzyme Assays

Chapter 7: SDS—Polyacrylamide Gel Electrophoresis (SDS-
PAGE) of Membrane Proteins

Chapter 8: Expression of Heterologous Membrane Proteins
in Frog Oocytes

Chapter 9: Using Isotopic Labeling to Determine the Fate of
Atoms in a Metabolic Pathway

Chapter 10: Visualizing Cellular Structures with Three-
Dimensional Electron Microscopy

Chapter 11: Determining Absorption and Action Spectra via
Spectrophotometry

Chapter 12: Visualizing Vesicles at the Cell Surface Using
Total Internal Reflection Microscopy (TIRF)

Chapter 13: Studying the Dynamic Cytoskeleton
Chapter 14: Watching Motors Too Small to See
Chapter 15: Building an ECM from Scratch
Chapter 16: FISHing for Specific Sequences
Chapter 17: The Polymerase Chain Reaction
Chapter 18: Hunting for DNA-Protein Interactions

Chapter 19: Protein Localization Using Fluorescent Fusion
Proteins

Chapter 20: Gene Knockdown via RNAi
Chapter 21: DNA Cloning

Chapter 22: Patch Clamping

Chapter 23: Calcium Indicators and Ionophores

Chapter 24: Measuring Cells Millions at a Time (FACS
Analysis)

Chapter 25: Using Mendel’s Rules to Predict Human Disease
Chapter 26: “Rational” Drugs in the Fight Against Cancer

Human Connections

Chapter 1: The Immortal Cells of Henrietta Lacks (The origin
of the first human cultured cell line)

Chapter 2: Taking a Deeper Look—Magnetic Resonance
Imaging (MRI) (How an MRI can image human tissues)
Chapter 3: Aggregated Proteins and Alzheimer Disease
(Protein misfolding and human disease)

Chapter 4: When Cellular “Breakdown” Breaks Down
(Diseases caused by lysosome dysfunction)

Chapter 5: The “Potential” of Food to Provide Energy
(Calorie contents of foods)

Chapter 6: ACE Inhibitors: Enzyme Activity as the Difference
Between Life and Death (Blood pressure medication based on
snake venom)

Chapter 8: Membrane Transport, Cystic Fibrosis, and the
Prospects for Gene Therapy

Chapter 9: What Happens to the Sugar? (Dietary food intake
and metabolism)

Chapter 10: A Diet Worth Dying For? (The dangers of using
uncouplers such as DNP to lose weight)

Chapter 11: How Do Plants Put on Sunscreen? (How the
plant xanthophyll cycle dissipates excess solar energy)
Chapter 12: It’s All in the Family (LDL receptors, cholesterol
uptake, hypercholesterolemia)

Chapter 13: When Actin Kills (Listeria infection and actin
polymerization)

Chapter 14: Dyneins Help Us Tell Left from Right (Motors and
left-right axis specification)

Chapter 15: The Costly Effects of Weak Adhesion (Blistering
diseases of the skin)

Chapter 16: Lamins and Premature Aging (Progeria and the
nuclear envelope)

Chapter 17: Children of the Moon (Xeroderma pigmentosum
and DNA repair)

Chapter 19: To Catch a Killer: The Problem of Antibiotic
Resistance in Bacteria

Chapter 20: The Epigenome: Methylation and Disease (Rett
syndrome and imprinting disorders)

Chapter 21: More Than Your Fingertips: Identifying Genetic
“Fingerprints” (STRs in genetic identification)

Chapter 22: In the Search for the Fountain of Youth, Are
People Paying for Poison? (Cosmetic uses of Botulinum toxin)
Chapter 23: How to Prevent a Heart Attack (Nitric oxide
signaling and vasoconstriction)

Chapter 24: What do Ethnobotany and Cancer Have in Com-
mon? (Taxol and cancer treatment)

Chapter 25: When Meiosis Goes Awry (Down syndrome and
nondisjunction)

Chapter 26: Molecular Sleuthing in Cancer Diagnosis
(Molecular analysis of breast cancer)
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ells are the fundamental building blocks of life on this

planet. Despite their tiny size, they are wonders of intri-
cacy. Moment by moment, the cells of our bodies are engaged
in a dazzling repertoire of biochemical events, including sig-
naling processes, transmission of genetic information, and
delicately choreographed movements. Helping our students to
appreciate the complexities of this amazing cellular world lies
at the heart of our goals as authors of Becker’s The World of the
Cell. The motivations that drove our colleague, Wayne Becker,
to write the first edition of this book continue to drive us today.
We believe that our students should have biology textbooks
that are clearly written, make the subject matter relevant, and
help them to appreciate not only how much we already know
about cell biology but also the exciting journey of continued
discovery that lies ahead. We, as authors, have an extensive
history of teaching undergraduate courses in cell biology and
related areas, and we treasure our contact with students as
one of the most rewarding aspects of being faculty members.

The amazing success of modern cell biology creates both
exciting opportunities and central challenges in our teaching.
How can we capture the core elements of modern cell biology in
a way that draws our students in without overwhelming them?
The enormous profusion of information challenges us to keep
Becker’s World of the Cell up to date while ensuring that it re-
mains both manageable in length and readily comprehensible
to students studying cell and molecular biology for the first time.

This ninth edition engages students with new innova-
tive features in each chapter and an exciting, fresh look. In
addition, a major goal of this edition has been to reorganize
the presentation of several key topics. We hope students and
instructors will find that the greater emphasis on molecular
biology earlier in the text integrates even better with learning
about other aspects of cellular function, just as molecular ap-
proaches have become ever more tightly integrated into the
everyday work of modern cell biologists.

As with the previous editions, we remain committed to
three central goals. First, our primary goal is to introduce
students to the fundamental principles that guide cellular or-
ganization and function. Second, we want students to under-
stand some of the key scientific evidence that has helped us
formulate these central concepts. And third, we have sought
to accomplish these goals in a book of manageable length that
is easily read and understood by beginning cell biology stu-
dents—and that still fits in their backpacks! We have therefore
been necessarily selective both in the examples chosen to il-
lustrate key concepts and in the quantity of scientific evidence
included. The result is an update that we hope students and
instructors will be as excited about as we are.

What's New in This Edition

New look: The art program has been updated through-
out the book to give drawings a more dynamic and
inviting look. Striking new chapter-opening images draw
students into the topic of each chapter. In addition, new
figures based on molecular structures have been added
in several key locations.

Reorganization of molecular biology material: The
molecular genetics section of the text has been complete-
ly reorganized. These chapters now come earlier in the
book and contain substantial new material on chromo-
somes, mechanisms of DNA mutation and repair, and
mobile genetics elements.

New chapter on molecular techniques: This new
chapter focuses on the tools that have revolutionized
molecular biology and biochemistry—the key technolo-
gies cell biologists use to analyze and manipulate DNA,
genomes, RNA and proteins, and gene function.

Reorganization of materials on cell signaling, cell
division, and the cell cycle: Because the molecular
genetics material comes earlier in the book, topics that
relate to regulation of gene and protein expression are
now more naturally integrated into the discussion of cell
signaling and cell cycle control. These topics now come
immediately before the chapter on cancer.

Determining the Chemical Fingerprint
of a Cell Using Mass Spectrometry

PROBLEM: In c

cesses that involve changes in the chemistry of th
cell growth and d
identify small mol

mple to be analyzed;

a cellular extract, or they may want
to determine the tructure of a new compound. How is

str can identify chemical compounds
such analysis accomplished?

within a sample with high resolution, differentiating between

Key Techniques boxes in every chapter: Twenty-six
Key Techniques boxes are integrated throughout the
text, demonstrating how cutting-edge technologies can
be used to answer key questions in cell biology. See page
17 for a complete list.



Human Connections
ACE INHIBITORS: ENZYME ACTIVITY AS THE DIFFERENCE BETWEEN LIFE AND DEATH

by the kidneys, it cleaves a specific peptide bond in an inactive
protein known as angiotensinogen, releasing an N-terminal
10-amino acid peptide called angiotensin |.

Angiotensin | travels thorough the bloodstream to the pul-
monary artery and lungs, where it is modified by the action
of another enzyme, known as angiotensin-converting enzyme
(ACE), which is abundant in the capillaries of the lungs. ACE
cleaves two amino acids from the C-terminus of angiotensin
I'to convert Ito Il Angi Il nor
mally raises blood pressure if it has fallen too low by acting
in the kidneys to return more sodium and water to the blood.
Having more water in the blood increases blood volume, and,

because the vascular system is closed, this results in increased
blood pressure. Angiotensin Il s also a vasoconstrictor and
will cause blood vessels to narrow, further increasing blood
pressure.

Like many regulatory systems in the body, there is a regula-
tory pathway in place that has an opposite effect of angiotensin
11. This system utilizes the peptide hormone bradykinin, which

Figure 6A-1 The Brazilian Pit Viper (Bothrops jararaca).

The Brazilian pit viper (Bothrops jararaca) (Figure 6A-1) spots
its prey and strikes, injecting venom into a mouse. The venom

releases a cocktail of peptides that widen the blood vessels
is a vasodilator. This causes blood vessels to relax and become
in the mouse and cause a drastic drop in blood pressure. This o e

ar Aarraacine hlnnd nracenra ACF ic inunlad in ramla

Human Connections boxes: Twenty-four Human
Connections boxes emphasize the relevance of cell
biology to human health and society, from the story of
Henrietta Lacks and the HeLa cell line to the relevance
of biochemical pathways to our diet, to the many cases
in which cell biology helps us diagnose and treat human
disease. See page 17 for a complete list.

Concept Check questions: Each main section of a
chapter ends with a Concept Check question. These
questions provide students with numerous opportunities
to assess their understanding as they read. Answers to
these questions are available at the back of the book.

Quantitative questions in every end-of-chapter
Problem Set: New and existing quantitative questions
are flagged at the end of each chapter to encourage
students to work on developing their ability to perform
calculations or to interpret quantitative information.

Content updates: Updated information highlighting
the most recent advances in cell and molecular biology
has been added throughout the book (see Content High-
lights of the Ninth Edition below).

Pearson Mastering Biology®
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Pearson Mastering Biology is an innovative online home-
work, tutorial, and assessment system that delivers self-
paced tutorials with individualized coaching, hints, and
feedback. The Mastering system helps instructors and
students with customizable, easy-to-assign, and automati-
cally graded assignments.

Integrated links in every chapter of the textbook point
students to a variety of interactive online materials, including
the following:

More than 100 tutorials and activities that teach com-
plex cell processes

More than 100 molecular and microscopy videos, which
provide vivid images of cellular processes

17 3-D Structure Tutorials that allow students to ma-
nipulate molecular structures, with assessment activities

240 Reading Quiz questions, which encourage students
to read before class

Many end-of-chapter questions and problems that are
now assignable and automatically gradable

Test Bank questions for every chapter

The eText, also available through Pearson Mastering
Biology, which provides both access to the complete text-
book and powerful interactive and customizable func-
tions. In addition, a custom textbook option is available,
allowing bundling of selected chapters chosen by the
instructor to suit a particular course.

A suite of Instructor Resources, including PowerPoint
lecture outlines containing all the figures and photos.

Learning Catalytics is a “bring your own device” assess-
ment and active classroom system that expands the pos-
sibilities for student engagement beyond standard clickers.
Using Learning Catalytics, instructors can deliver a wide
range of auto-gradable or open-ended questions that test
content knowledge and build critical thinking skills.

Content Highlights of
the Ninth Edition

Updated material and new information have been added
throughout the book in both the text and art. Topics that have
been altered, updated, or added include the following:

Chapter 1: A revised section on expression of genetic infor-
mation in cells is presented much earlier in the textbook to
integrate with other aspects of modern cell biology. New
overview figure showing information expression in cells. New
figures to introduce chromatography and electrophoresis.
Described superresolution microscopy and photoactivat-

able GFP. Earlier introduction of immunoprecipitation, RNA
sequencing, transcriptomics, DNA microarrays. New figure
showing a DNA microarray. Revised figure showing impor-
tance of model organisms in cell biology research. Expanded
discussion on the use on antibodies and immunofluorescence
to identify cell components. Large new section describing
experimental design, the null hypothesis, and experimental
variables. Discussed use of mutants, reverse genetics, bio-
chemical inhibitors in cell biology research.
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Chapter 2: Clarified properties of acids and bases with respect
to functional groups. Introduced use of mass spectrometry to
identify and characterize chemical compounds. Reinforced
concepts of valence, the octet rule, and lone electron pairs

to explain the shape and polarity of water molecules. Intro-
duced glycobiology sooner. New figure to clarify concept of
membrane semipermeability. New figure with updated three-
dimensional structure of insulin. Introduced use of MRI to
study the chemistry of tissues in the human body.

Chapter 3: Emphasized protein denaturation in the context
of human protein-folding diseases. Introduced base stacking
in discussion of hydrophobic effects on DNA structure. New
figure highlighting B-sheet structure in a fibrous protein.
Emphasized differences between storage and structural poly-
saccharides. Improved description of linear versus Haworth
illustrations of monosaccharide structure.

Chapter 4: New showcase figures of animal and plant cells.
New section describing proposed origin of cells, the RNA
world, liposomes (with accompanying figure), and new
figure on Miller’s classic 1953 experiments on the abiotic
origins of organic molecules. Moved discussion of the
endosymbiont theory forward to this chapter to accompany
introduction of mitochondria and chloroplasts. Discussion
of centrifugation to study organelles also introduced much
earlier. New figure showing updated ribosome structure.
New figure showing scanning EM of human chromosomes.
New figure showing immunofluorescent detection of cyto-
skeletal elements.

Chapter 5: More emphasis on open versus closed systems.
Revised discussion of bioluminescence versus fluorescence.
Expanded discussion of aequorin and GFP. Expanded dis-
cussion of oxidation and reduction reaction and relevance

to cellular metabolism. Improved definition of free energy.
Introduction of isothermal titration calorimetry to determine
thermodynamic parameters in biological processes.

Chapter 6: New figure to show binding of substrate to specific
amino acids in an enzyme active site. Revised explanation of
inorganic and organic catalysts and earlier introduction of
trans fats. More emphasis on why we study enzyme kinetics.
Better explanation of cooperativity using hemoglobin as an
example. More emphasis on substrate analogues and inhibi-
tors in treatment of human disease.

Chapter 7: Updated discussion of lipid nomenclature. Added
information on ABO blood groups to illustrate membrane
glycoproteins in a relevant human example. More emphasis
on fungal and bacterial sterols. Introduced common abbre-
viations for fatty acid chain length and saturation. Noted dif-
ferential charges on membrane monolayers.

Chapter 8: New figure and updated information on structure
and selectivity of the aquaporin water channel. Introduced
bacterial aquaglyceroporins. Revised and simplified discus-
sion of electrochemical potential. New paragraph introduc-
ing the Na™/glucose symporter with an explanation of how
glucose phosphorylation in the cell keeps the transmembrane
free glucose concentration far from equilibrium. Clarified

discussion of osmosis and added intravenous phosphate-
buffered saline as a relevant example. Noted how cells can
have multiple types of glucose transporters using intestinal
cells as an example. Simplified the figure showing Halobacte-
rium proton pump to highlight essential details. Updated the
structure of the CFTR chloride channel.

Chapter 9: New section describing the Warburg effect and
aerobic glycolysis in cancer cells, with a new figure describing
how PET scans exploit this to visualize tumors in the body. Bet-
ter explanations of energy-rich bonds in phosphorylated com-
pounds and charge repulsion/resonance stabilization in ATP.
Revised figure showing phosphate group transfer reactions.
Described experimental use of frog muscle tissue to elucidate
steps in glycolysis. More emphasis on how cells use fermenta-
tion to ensure a steady supply of NAD™ in anaerobic condi-
tions. Better description of allosteric effectors of glycolysis.

Chapter 10: Expanded discussion of mitochondrial morphol-
ogy based on EM tomography and updated figures to show
new information on cristae junctions. Expanded discussion
of respiratory complexes I to IV, with new figure showing
accurate molecular models. New figure panel with a ribbon
model showing the molecular structure of the ATP synthase
complex. More emphasis on the difference between oxidative
and substrate-level phosphorylation. Expanded discussion of
experimental evidence that isolated F; particles can synthe-
size ATP. Simplified figure showing the binding change model
for ATP synthesis.

Chapter 11: New figure showing autofluorescence of a
Spirogyra chloroplast. New figure with accurate molecular
model of the 16 subunits of the RuBisCO enzyme. Completely
updated figure of the structure of the bacterial photosyn-
thetic reaction center. Clarified the meaning of carbon fixa-
tion and introduced this concept sooner. Improved figure
showing folded membranes in photosynthetic cyanobacteria.
Clarified figure showing energy capture by photosynthetic
accessory pigments. More emphasis on the difference
between cyclic and noncyclic electron flow.

Chapter 12: Simplified the overview figures based on student
and instructor feedback. Introduced the dangers of syner-
gistic effects of alcohol and barbiturates. More experimental
detail regarding Palade’s classic work showing protein syn-
thesis and secretion. Described Rothman’s work on vesicle
trafficking. Emphasized yeast as a model organism. More
emphasis on the differences between rough and smooth ER.
New figure contrasting the stationary cisternae with the cis-
ternal maturation models in Golgi transport. New informa-
tion about lysosomal storage diseases, peroxisome biogenesis,
multivesicular endosomes, and newly proposed roles for cel-
lular caveolae.

Chapter 13: Added material on septins to the introductory
section and a new EM figure showing the density of cytoskel-
etal elements. Added new molecular renderings of bacterial
cytoskeletal proteins. Significantly improved the coverage

of centrioles and y-tubulin ring complexes/centrosomes,
including new figure panels. Updated the schematic of Tau to
be more realistic and added panels showing the effects of Tau



overexpression. New material on EB1 and +-TIP proteins,
including new figure panels. Updated coverage of Rho family
GTPases and their regulation.

Chapter 14: Revised discussion of motors to remove mixed
anatomical metaphors. Added a new figure on motors

based on molecular structures. Added major new material

on dyneins based on new molecular structures, and figures
were revised accordingly. Added brief mention of SAS-6/
cartwheels in basal bodies. Added an essentially new figure
on kinesin movement along microtubules. Added new fig-
ure on microtubule sliding in the axoneme and made major
improvements to figures dealing with cilia and flagella. Added
anew molecular structure panel to the thin filament figure.

Chapter 15: Reorganized and streamlined the first section of
the chapter (cell-cell adhesion). Material on the glycocalyx
and blood typing was moved to Chapter 7. Figures on cad-
herins, tight junctions, and desmosomes were upgraded and
consolidated. Added a major new figure on the assembled
extracellular matrix. Added more images of fibronectin and
costameres.

Chapter 16: The molecular genetics sections were completely
reorganized. Many elements were moved to the new molecu-
lar techniques chapter (Chapter 21). Added extra material

on Avery’s experiments, RNA as the genetic material in TMV,
and more on Watson/Crick/Franklin. Added material on base
stacking and DNA double helix structure. Moved some mate-
rial on chromatin regulation to this chapter. The heterochro-
matin discussion was reorganized to feature centromeres and
telomeres in a more coherent fashion and to better set up the
discussion of repeated DNA sequences. Added material on G
bands and karyotyping. Revised treatment of variable number
tandem repeats (VNTRs), short tandem repeats (STRs), etc.

Chapter 17: Cell cycle material was moved to Chapter 24.
Added Taylor’s experiments to the semiconservative replication
section. Added material and a figure on origins of replication
and replication bubbles. Added material on DNA polymerase
proofreading. Performed a major upgrade to the replisome
section, including a major new figure. Major upgrades to the
mutation section to include DNA adducts and intercalating
agents, and the DNA error repair section to include photore-
pair, major upgrades and clarifications to base excision repair,
nucleotide excision repair, and SOS repair/translesion syn-
thesis. Major upgrade to the recombination section to include
synthesis-dependent strand annealing (SDSA) and modernized
treatments of the double-stranded break model for homologous
recombination and Holliday junction resolution. Added mate-
rial on DNA-only transposons.

Chapter 18: Added new comparison of bacterial and eukary-
otic transcription. Added new table on types of RNA. Added
nucleolus material to this chapter (moved from Chapter 16).
Added more detail on phosphorylation of the polymerase

IT CTD in initiation and coordination of mRNA processing.
Added “scrunching” to section on bacterial initiation and
updated the section on bacterial elongation with more discus-
sion based on structural data. Added new section clarifying
RNA polymerase proofreading.

Chapter 19: Added more material on ribosome biogenesis
and ribosome structure. Wobble coverage was expanded,
and a new figure added. Added significant new coverage of
eukaryotic translational initiation, poly(A)-binding protein,
etc. Enhanced coverage of TRESs. Added a section on poly-
ribosomes. Added a significant new section on chaperones.
Added new paragraph on posttranslational processing of
insulin (with figure). Added discussion on making multipass
transmembrane proteins, plus a new figure panel.

Chapter 20: Improved explanation of what “on” and “off”
mean for gene expression. Added major new material on
CRISPR/Cas. Added discussion of somatic hypermutation

to the section on immunoglobulin genes. Yeast mating type
switching was moved to the gene silencing discussion. Added
new material on X chromosome inactivation. Added mate-
rial to section on domain swapping of transcription factors.
Added new sections on piRNAs and long, noncoding RNAs.
Added a new figure on DNA methylation and on the struc-
ture of the eukaryotic 268 proteasome.

Chapter 21: This is a new chapter that consolidates many molec-
ular techniques from previous editions in one location, including
material on genomes, restriction enzymes, detecting DNA meth-
ylation, dideoxy sequencing, nucleic acid blotting, recombinant
DNA, cDNA, Ti plasmids, transgenic mice, mouse knockouts,
microarrays, and the yeast two-hybrid method. Enhanced treat-
ment of different types of DNA libraries. New nucleic acid mate-
rial, including genome sequencing, the tree of life, sequence
comparisons and databases, Human Genome Project data,
systems biology, RFLP/STR analysis, RT-PCR, RNA in situ, tran-
scriptional reporters, genome editing, TILLING, and CRISPR/
Cas9. New protein material, including 2D gels, immunoblotting,
chromatography, mass spectrometry for peptides, pulldowns,
co-immunoprecipitation, and engineering of tagged proteins.

Chapter 22: Improved and streamlined the discussion of elec-
trochemical potential, including a completely revised figure
on the resting potential. Added to patch clamping material.
Improved the treatment of channel inactivation in the main
action potential figure. Added new paragraphs on optogenet-
ics and NMDA receptors.

Chapter 23: More setup using a biological example familiar to
students. Wnt receptors and cancer now deferred to Chapter
26. Added an overview of basic pathways to be discussed in
detail and added a figure. Signaling crosstalk is now deferred
until the end of the growth factor section, and a new figure
was added. Added new section on K4. Molecular structures of
a GPCR and EGFR were added. Added to cholera discussion.

Chapter 24: This is a newly organized chapter, with mate-

rial taken from Chapter 19 of the previous edition (mitosis,
cytokinesis, DNA licensing, cell cycle control, apoptosis). Added
more material on structure of kinetochores, midbodies, and
abscission. Added material on bacterial and chloroplast divi-
sion and FtsZ. Expanded and revised treatment of regulation of
mitotic exit via the APC and spindle assembly checkpoint con-
trol which are now split into separate figures. Clarified coverage
of checkpoints by segregating the discussion into its own sec-
tion. Autoradiography problems updated to use BrdU instead.
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Chapter 25: This is a new chapter, with material taken from
Chapter 20 of the previous edition. Switched to purple/white
flower color as main example from Mendel’s work. Revised
figure on genes, loci, alleles, etc. Updated gamete formation
figure to more accurately reflect how polar bodies form in
oocytes. Added more material on the synaptonemal complex
and DNA repair proteins during recombination. Added new
material on control of meiosis in amphibians and moved
discussion of Masui’s experiments on MPF from the cell cycle
chapter (Chapter 24) to this chapter.

Chapter 26: Reorganized the introductory discussion of
cancer. Improved discussion of cancer stem cells. Added new
figures or part of figures: a colon polyp, chromosomal trans-
location in BCR-ABL, and genomic instability. Clarified the
discussion of the two-hit hypothesis and loss of heterozygos-
ity. Improved discussion of Wnt receptors/coreceptors. Added
material on the Cancer Genome Atlas, GWAS, and sequenc-
ing of the genome of HeLa cells.

Appendix: Moved TIRF discussion to group it with light sheet
and multiphoton microscopy. Removed X-ray crystallog-
raphy because this is now covered in detail in the main text
(Chapter 3). Added discussion of optogenetics.

Building on the Strengths
of Previous Editions

We have retained and built upon the strengths of prior edi-
tions in four key areas:

1. The chapter organization focuses on main concepts.

Each chapter is divided into sections that begin

with a numbered concept statement heading, which
summarizes the material and helps students focus on
the main points to study and review.

Chapters are written and organized to allow instruc-
tors to assign chapters and chapter sections in differ-
ent sequences, making the book adaptable to a wide
variety of course plans.

Each chapter ends with a bulleted Summary of Key
Points that briefly describes the main points covered in
each section of the chapter.

2. The illustrations teach concepts at an appropriate
level of detail.

Many of the more complex figures incorporate mini-
captions to help students grasp concepts more quickly
by drawing their focus into the body of an illustration
rather than depending solely on a separate figure
legend to describe what is taking place.

Overview figures outline complicated structures or
processes in broad strokes and are followed by text
and figures that present supporting details.

Carefully selected micrographs showing key cellular
structures are accompanied by scale bars to indicate
magnification.

3. Important terminology is highlighted and defined
in several ways.
Boldface type is used to highlight the most impor-
tant terms in each chapter, all of which are defined in
the Glossary.

Italic type is used to identify additional technical terms
that are less important than boldfaced terms but sig-
nificant in their own right. Occasionally, italics is also
used to highlight important phrases or sentences.

The Glossary includes definitions and page references
for all boldfaced key terms and acronyms in every
chapter—more than 1500 terms in all, a veritable
dictionary of cell biology in its own right.

4. Each chapter helps students learn the process of
science, not just facts.

Text discussions emphasize the experimental evi-
dence that underlies our understanding of cell struc-
ture and function, to remind readers that advances
in cell biology, as in all branches of science, come not
from lecturers in their classrooms or textbook authors
at their computers but from researchers in their
laboratories.

The inclusion of a Problem Set at the end of each
chapter reflects our conviction that we learn science
not just by reading or hearing about it but by work-
ing with it. The problems are designed to emphasize
understanding and application, rather than rote
recall. Many are class-tested, having been selected
from problem sets and exams we have used in our
own courses.

Supplementary Learning Aids

For Instructors

Instructor Resources (available for download at
www.pearsonglobaleditions.com/Hardin).
978-1-292-17770-0

Available to adopters, the Instructor Resources include the
following:

PowerPoint lecture tools, including lecture outlines
containing all of the figures, photos, and embedded
animations.

JPEG images of all textbook figures and photos, includ-
ing printer-ready transparency acetate masters.

Computerized Test Bank for Becker’s World of the Cell
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A Preview of Cell Biology

he cell is the basic unit of biology. Every organism either consists of cells or is itself
a single cell. Therefore, it is only by understanding the structure and function of cells
that we can appreciate both the capabilities and the limitations of living organisms, whether
they are animals, plants, fungi, or microorganisms.
The field of cell biology is rapidly changing as scientists from a variety of related disciplines
work together to gain a better understanding of how cells are constructed and how they carry out
all the intricate functions necessary for life. Particularly significant is the dynamic nature of the cell.

Cells are constantly changing; they have the capacity to grow, reproduce, and become specialized.

In addition, once specialized, they have the ability to respond to stimuli and adapt to changes in
the environment. The convergence of cytology, genetics, and biochemistry has made modern cell
biology one of the most exciting and dynamic disciplines in all of biology. If this text helps you to
appreciate the marvels and diversity of cellular functions and allows you to experience the excite-
ment of discovery, then one of our main goals in writing this book for you will have been met.

In this introductory chapter, we will look briefly at the origin of cell biology as a
discipline. Then we will consider the three main historical strands of cytology, genetics,
and biochemistry that have formed our current understanding of what cells are and how
they work. The chapter concludes with a brief discussion of the nature of knowledge itself
by considering biological facts, the scientific method, experimental design, and the use of
some common model organisms to answer important questions in modern cell biology.

Fluorescence
Microscopy of a
Cultured Lung Cell.
This image shows the
fluorescently labeled
cell nucleus (orange),
mitochondria (yellow),
and the actin filaments
(green)
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1.1 The Cell Theory: A Brief History

The story of cell biology started to unfold more than 300 years
ago, as European scientists began to focus their crude micro-
scopes on a variety of biological material ranging from tree
bark to bacteria to human sperm. One such scientist was
Robert Hooke, Curator of Instruments for the Royal Society
of London. In 1665, Hooke built a microscope and examined
thin slices of cork. He saw a network of tiny boxlike compart-
ments that reminded him of a honeycomb and called these
little compartments cells, from the Latin word cellula, meaning
“little room.”

What Hooke observed were not cells at all. Those emp-
ty boxlike compartments were formed by the cell walls of
dead plant tissue, which is what cork is. However, Hooke
would not have thought of these cells as dead because he
did not understand that they could be alive! Although he
noticed that cells in other plant tissues were filled with what
he called “juices,” he concentrated instead on the more
prominent cell walls of the dead cork cells that he had first
encountered.

Advances in Microscopy Allowed Detailed
Studies of Cells

Hooke's observations were limited by the magnification power
of his microscope, which enlarged objects to only 30 times
(30X) their normal size. This made it difficult to learn much
about the internal organization of cells. A few years lat-
er, Antonie van Leeuwenhoek, a Dutch textile merchant,
produced small lenses that could magnify objects to almost
300 times (300X) their size. Using these superior lenses, van
Leeuwenhoek became the first to observe living cells, includ-
ing blood cells, sperm cells, bacteria, and single-celled organ-
isms (algae and protozoa) found in pond water. He reported
his observations to the Royal Society of London in a series
of letters during the late 1600s. His detailed reports attest
to both the high quality of his lenses and his keen powers of
observation.

Two main factors restricted further understanding of
the nature of cells. First, the microscopes of the day had lim-
ited resolution (resolving power)—the ability to see fine details
of structure. Even van Leeuwenhoek’s superior instruments
could push this limit only so far. The second factor was the
descriptive nature of seventeenth-century biology. It was an
age of observation, with little thought given to explaining the
intriguing architectural details being discovered in biological
materials.

More than a century passed before the combination of
improved microscopes and more experimentally minded mi-
croscopists resulted in a series of developments that led to
an understanding of the importance of cells in biological or-
ganization. By the 1830s, important optical improvements
were made in lens quality and in the compound microscope,
an instrument in which one lens (the eyepiece) magnifies
the image created by a second lens (the objective). This al-
lowed both higher magnification and better resolution. At
that point, structures only 1 micrometer (um) in size could
be seen clearly.

The Cell Theory Applies to All Organisms

Aided by such improved lenses, the Scottish botanist Robert
Brown found that every plant cell he looked at contained
a rounded structure, which he called a nucleus, a term de-
rived from the Latin word for “kernel.” In 1838, his Ger-
man colleague Matthias Schleiden came to the important
conclusion that all plant tissues are composed of cells and
that an embryonic plant always arises from a single cell.
A year later, German cytologist Theodor Schwann reported
similar conclusions concerning animal tissue, thereby dis-
crediting earlier speculations that plants and animals do
not resemble each other structurally. These speculations
arose because plant cell walls form conspicuous boundaries
between cells that are readily visible even with a crude mi-
croscope, whereas individual animal cells, which lack cell
walls, are much harder to distinguish in a tissue sample.
However, when Schwann examined animal cartilage cells,
he saw that they were unlike most other animal cells be-
cause they have boundaries that are well defined by thick
deposits of collagen fibers. Thus, he became convinced of
the fundamental similarity between plant and animal tis-
sue. Based on his astute observations, Schwann developed
a single unified theory of cellular organization. This theory
has stood the test of time and continues to be the basis for
our own understanding of the importance of cells and cell
biology.

As originally postulated by Schwann in 1839, the cell
theory had two basic principles:

1. All organisms consist of one or more cells.
2. The cell is the basic unit of structure for all organisms.

Less than 20 years later, a third principle was added. This
grew out of Brown's original description of nuclei, which
Swiss botanist Karl Néageli extended to include observations
on the nature of cell division. By 1855 Rudolf Virchow, a
German physiologist, concluded that cells arose only by the
division of other, preexisting cells. Virchow encapsulated
this conclusion in the now-famous Latin phrase omnis cellula
e cellula, which in translation becomes the third principle of
the modern cell theory:

3. Allcells arise only from preexisting cells.

Thus, the cell is not only the basic unit of structure for all
organisms but also the basic unit of reproduction. No wonder,
then, that we must understand cells and their properties to
appreciate all other aspects of biology. Because many of you
have seen examples of “typical” cells in textbooks that may
give the false impression that there are relatively few different
types of cells, let’s take alook at a few examples of the diversity
of cells that exist in our world (Figure 1-1).

Cells exist in a wide variety of shapes and sizes, ranging
from filamentous fungal cells to spiral-shaped Treponema bac-
teria to the differently shaped cells of the human blood system
(Figure 1-1a—c). Other cells have much more exotic shapes,
such as the diatom and the protozoan shown in Figure 1-1d
and e. Note how the two human single-celled gametes, the egg



(d) Podocystis (a diatom) 50 um

(e) Stentor (a protozoan)

(c) Human blood cells

and a platelet

(f) Human egg and 50 um
sperm cells

100 um

(h) Plant xylem cells

—
(g) Chlamydomonas (an alga) 10 um

100 um (i) A retinal neuron 50 um

Figure 1-1 Cells of the World. The diversity of cell types existing all around us includes the examples

shown in this figure and thousands upon thousands more.

and the sperm, differ greatly in size and shape (Figure 1-1f).
As in leaves, the green chlorophyll in a Chlamydomonas cell
shows that these algae carry out photosynthesis (Figure 1-1g).
Often, an appreciation of a cell's shape and structure gives
clues about its function. For example, the spiral thickenings in
the cell walls of plant xylem tissue give strength to these wa-
ter-conducting vessels in wood (Figure 1-1h), and the highly
branched cells of a human neuron allow it to interact with nu-
merous other neurons (Figure 1-1i). In our studies through-
out this textbook, we will see many other interesting examples
of diversity in cell structure and function. First, though, let’s
examine the historical roots leading to the development of
contemporary cell biology.

coNCEPT cHECK [EKl

What evidence led scientists to develop the basic principles
of the cell theory? Note how technology played a role in its
development.

1.2 The Emergence of Modern
Cell Biology

Modern cell biology results from the weaving together of
three different strands of biological inquiry—cytology, bio-
chemistry, and genetics—into a single cord. As the timeline in
Figure 1-2 illustrates, each of the strands had its own histori-
cal origins, and each one makes unique and significant con-
tributions to modern cell biology. Contemporary cell biologists
must be adequately informed about all three strands, regard-
less of their own immediate interests.

Historically, the first of the strands to emerge was
cytology, which is concerned primarily with cellular struc-
ture. In biological studies, you will often encounter words
containing the Greek prefix cyto— or the suffix —cyte, both of
which mean “hollow vessel” and refer to cells. Cytology had
its origins more than three centuries ago and depended heav-
ily on the light microscope for its initial impetus. The advent
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CELL BIOLOGY

__——Motion of myosin molecule “walking” down

i . . actin microfilament captured on video
2010 b Nanotechnology allows rapid sequencing of
entire genomes to become routine Advanced light microscopes begin to
surpass the theoretical limit of resolution
Quantum dots used to improve
Fluorescence resonance energy transfer (FRET) fluorescent imaging
microscopy used to study molecular interactions Yeast two-hybrid systems used to analyze
protein-protein interactions
Mass spectrometry used to study proteomes Bioinformatics developed to analyze sequence data
2000 L Human genome sequenced ~__ Stereoelectron microscopy used for three-dimensional imaging
Green quoresFent proteip u§ed‘ t'f’ detect Dolly the sheep cloned
functional proteins in living cells
Allen and Inoué perfect video-enhanced First transgenic animals produced
contrast light microscopy
DNA sequencing methods developed — Heuser, Reese, and colleagues develop
1975 deep-etching technique
Berg, Boyer, and Cohen develop —
DNA cloning techniques Genetic code elucidated
Palade, Sjostrand, and Porter develop Kornberg discovers DNA polymerase
techniques for electron microscopy Watson and Crick propose double helix model for DNA
1950 Avery, MacLeod, and McCarty show DNA Hershey and Chase establish DNA as the genetic material
to be the agent of genetic transformation Claude isolates first mitochondrial fractions
Krebs elucidates the citric acid cycle Invention of the electron microscope by Knoll and Ruska
Svedberg develops the ultracentrifuge .
Levene postulates DNA as a repeating
1925 Embden and Meyerhof describe tetranucleotide structure
the glycolytic pathway
Morgan and colleagues
Feulgen develop genetics of Drosophila
develops
stain for DNA
1900 - Chromosomal Rediscovery of Mendel's laws by
Buchner and Buchner Golgi theory of heredity Correns, von Tschermak, and de Vries
demonstrate fermentation complex is formulated
with cell extracts described Roux and Weissman:
Chromosomes carry
1875 - . genetic information
Invention of ———— ; ;
the microtome Flemming identifies Miescher discovers DNA
chromosomes — Mendel formulates his
Pasteur links Development of fundamental laws of genetics
living organisms to dyes and stains
specific processes ) Kolliker describes GENETICS
Virchow: Every cell . .
1850 [ mitochondria
comes from a cell .
in muscle cells
Schleiden and Schwann
formulate cell theory
L Wohler synthesizes — .
1825 urea in the laboratory Brown describes
nuclei
BIOCHEMISTRY
Van Leeuwenhoek improves lenses 1 . . . .
Hooke describes cells in cork slices — Figure 1-2 The Cgll BlolpgyTlmellne. )
1600 F Although cytology, biochemistry, and genetics
began as separate disciplines, they have
CYTOLOGY increasingly merged since about 1925.

of electron microscopy and other advanced optical techniques
has dramatically increased our understanding of cell struc-
ture and function.

The second strand represents the many contributions of
biochemistry to our understanding of cellular structure and
function. Most of the developments in this field have occurred

over the past 75 years, though the roots go back at least a cen-
tury earlier. Especially important has been the development of
laboratory techniques such as ultracentrifugation, chroma-
tography, radioactive labeling, electrophoresis, and mass spec-
trometry for separating and identifying cellular components.
You will encounter these and other techniques later in your



studies as you learn how specific details of cellular structure
and function were discovered using these techniques.

The third strand contributing to the development of mod-
ern cell biology is genetics. Although the timeline for genet-
ics stretches back more than 150 years, most of our present
understanding has been gained within the past 75 years. An
especially important discovery was the demonstration that,
in all organisms, DNA (deoxyribonucleic acid) is the bearer
of genetic information. It encodes the tremendous variety of
proteins and RNA (ribonucleic acid) molecules responsible for
most of the functional and structural features of cells. Recent
accomplishments on the genetic strand include the sequencing
of the entire genome (all of the DNA) of humans and those of
other species and the cloning (production of genetically identi-
cal organisms) of mammals, including sheep, cattle, and cats.

Therefore, an understanding of present-day cell biology
requires an appreciation of its diverse roots and the important
contributions made by each of its component strands to our
current understanding of what a cell is and what it can do.
Each of the three historical strands of cell biology is discussed
briefly here; a deeper appreciation of these historical strands
will come in later chapters as we explore cells in detail. Keep
in mind also that in addition to developments in cytology, bio-
chemistry, and genetics, the field of cell biology has benefited
greatly from advancements in other fields of study such as
chemistry, physics, computer science, and engineering.

Chloroplast

The Cytological Strand Deals with Cellular
Structure

Strictly speaking, cytology is the study of cells. Historically,
however, cytology has dealt primarily with cellular structure,
mainly through the use of optical techniques. Here we will
describe briefly some of the microscopy that is important in
cell biology. (For more detailed discussion of microscopic tech-
niques, see the Appendix.) Microscopy has been invaluable in
helping cell biologists overcome a fundamental problem—the
problem of small size.

Cellular Dimensions. One challenge involved in understand-
ing cellular structure and organization is the fact that most
cells and their organelles are too small to be seen by the unaided
eye. The cellular structures that microscopists routinely deal
with are measured using units that may not be familiar to you.
The micrometer (um) is the most useful unit for express-
ing the size of cells and organelles. A micrometer (historically
called a micron) is one-millionth of a meter (10~° m). One inch
equals approximately 25,000 wm. In general, bacterial cells
are a few micrometers in diameter, and the cells of plants and
animals are 10 to 20 times larger. Organelles such as mito-
chondria and chloroplasts tend to be a few micrometers in size
and are thus comparable in size to whole bacterial cells. In gen-
eral, if you can see it with a light microscope, you can express
its dimensions conveniently in micrometers (Figure 1-3a).

10 um

Plant cell Animal cell
(2030 um) (20 wm)

Bacterium

(a) The world of the micrometer (1X2 um)
Large subunit
OOOO0CO0O00CO T
7-8 nm — H
—25-30 nm— sosoooocooso L —— 25 nm —— 7 nm 2nm
Ribosome Membrane Microtubule Microfilament DNA helix

(b) The world of the nanometer

Figure 1-3 The Worlds of the Micrometer and Nanometer. lllustrations show (a) typical cells

and (b) common cellular structures.
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The nanometer (nm) is the unit of choice for molecules
and subcellular structures that are too small to be seen using
the light microscope. A nanometer is one-billionth of a meter
(10~ m), so it takes 1000 nanometers to equal 1 microme-
ter. A ribosome has a diameter of about 25 to 30 nm. Other
structures that can be measured conveniently in nanometers
are cell membranes, microtubules, microfilaments, and DNA
molecules (Figure 1-3b). A slightly smaller unit, the angstrom
(A), is used in cell biology when measuring dimensions within
proteins and DNA molecules. An angstrom equals 0.1 nm,
which is about the size of a hydrogen atom.

The Light Microscope. The light microscope was the ear-
liest tool of the cytologists and continues to play an important
role in our elucidation of cellular structure. Light microscopy
allowed cytologists to identify membrane-bounded structures
such as nuclei, mitochondria, and chloroplasts within a vari-
ety of cell types. Such structures are called organelles (“little
organs”) and are prominent features of most plant and animal
(but not bacterial) cells. (Chapter 4 presents an overview of
organelle types, and later chapters investigate their structure
and function in more detail.)

Other significant advancements in microscopy include
the development of the microtome in the mid-1800s and the
availability of various dyes and stains at about the same time.
A microtome is an instrument developed for rapid and efficient
preparation of very thin (several um) tissue slices of biological
samples. Many of the dyes important for staining and identify-
ing subcellular structures were developed in the latter half of
the nineteenth century by German industrial chemists work-
ing with coal tar derivatives. Together with improved optics
and more sophisticated lenses, these developments extended
light microscopy to the physical limits of resolution imposed
by the size of the wavelengths of visible light.

As used in microscopy, the limit of resolution refers to
how far apart adjacent objects must be to appear as separate
entities. For example, if the limit of resolution of a microscope
is 400 nm, objects must be at least 400 nm apart to be recog-
nizable as separate entities. The smaller the limit of resolution,
the greater the resolving power, or ability to see fine details
of structure, of the microscope. Therefore, a better microscope
might have a resolution of 200 nm, meaning that objects only
200 nm apart can be distinguished from each other.

Because of the physical nature of light itself, the theoreti-
cal limit of resolution for the light microscope is approximately
half of the size of the wavelength of light used for illumination,
allowing maximum magnifications of about 1000-1400X.
For visible light (wavelengths of 400—700 nm), the limit of res-
olution would be about 200-350 nm. Figure 1-4 illustrates
the useful range of the light microscope and compares its re-
solving power with that of the human eye and the electron
microscope, which is discussed shortly.

The type of microscopy described thus far is called bright-
field microscopy because white light is passed directly through
a specimen that is either stained or unstained and the back-
ground (the field) is illuminated. A significant limitation of
this approach is that specimens often must be chemically
fixed (preserved), dehydrated, embedded in paraffin or plastic
for slicing into thin sections, and stained to highlight other-
wise transparent features. Fixed and stained specimens are no
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Figure 1-4 Relative Resolving Power of the Human Eye, the
Light Microscope, and the Electron Microscope. Notice that
the vertical axis is on a logarithmic scale to accommodate the wide
range of sizes shown.

longer alive, and therefore features observed by this method

could be distortions caused by slide preparation processes that

are not typical of the living cells. MB)
Use of

Specialized Light Microscopes. To overcome the limita- G

tions of a brightfield microscope, a variety of special optical fFéJrs ons

techniques have been developed for observing living cells di- [’;fét;'”

rectly. These techniques include phase-contrast microscopy, ization

differential interference contrast microscopy, fluorescence

microscopy, and confocal microscopy. In Table 1-1, you can

see images taken using each of these techniques and com-

pare them with the images seen with brightfield microscopy

for both unstained and stained specimens. Because these





