
Contents

About the author.................................................................................................... xvii
Preface to the Second Edition.................................................................................xix
Acknowledgements................................................................................................xxiii

CHAPTER 1 Introduction-a historical perspective..................... 1
1.1 Biology begins as natural history................................................ 1
1.2 Nature of matter.............................................................................1
1.3 Microscope reveals internal structure of living organisms....... 2
1.4 Cell theory.....................................................................................2
1.5 Theory of natural selection and laws of heredity....................... 3
1.6 Gene and genetics........................................................................ 4
1.7 Nature of "physical objects” in the cell...................................... 4
1.8 DNA as the genetic material.........................................................5
1.9 Biology turns molecular—natural science becomes

unified............................................................................................5
1.10 Deeper into the structure of matter............................................. 6
1.11 Molecular biology endowed with structures...............................7
1.12 Structural complex(ity) disentangled........................................... 8
1.13 Molecular structural biology confronts human disease..............8
1.14 From gene to genome.................................................................. 9
1.15 Entry of artificial intelligence.................................................... 10
1.16 In lieu of a conclusion.................................................................10
References and further reading............................................................. 10

CHAPTER 2 Mathematical preliminaries.................................. 13
2.1 Measurements: standards and units............................................... 13

2.1.1 Functions..............................................................................15
2.1.2 Vectors.................................................................................22
2.1.3 Matrices and determinants................................................. 28
2.1.4 Calculus.............................................................................. 34
2.1.5 Series and limits.................................................................44
2.1.6 Integral transform................................................................47

2.2 Sample questions......................................................................... 49
Further reading.....................................................................................51

CHAPTER 3 Physical basis of chemistry.................................. 53
3.1 Classical mechanics......................................................................53

3.1.1 Matter and motion.............................................................. 53
3.1.2 Fundamental forces of nature............................................ 55



Contentsa • a

VIII

3.1.3 Newton’s laws.................................................................... 56
3.1.4 Circular motion and angular momentum........................ 58
3.1.5 Work and energy............................................................... 59
3.1.6 Oscillatory systems............................................................61
3.1.7 Mechanical waves............................................................. 62

3.2
3.3
3.4

Kinetic theory of gases.

3.5

Thermodynamics...............
Electricity and magnetism.
3.4.1
3.4.2
3.4.3
3.4.4
3.4.5
3.4.6

Electric field......................................
Electric potential..............................
Magnetic field..................................
Electromagnetic wave......................
Interference of light waves...............
Scattering of electromagnetic waves

Quantum physics.,

.64

.65
.65
.68
.69
.69
.71
.73
.74

3.6

3.5.1 Light as photons.................................................................74
3.5.2 Matter as waves..................................................................76
3.5.3 Schrodinger equation......................................................... 77
3.5.4 Hamiltonian........................................................................79
3.5.5 Barrier tunneling by free electron......................................80
3.5.6 Bound electron—Hydrogen atom.................................... 81
Some elements of statistics..........................................................84
3.6.1 Microscopic versus macroscopic.......................................84
3.6.2 Normal distribution............................................................85
3.6.3 Boltzmann distribution.......................................................86

Sample questions..................................................................................87
References and further reading............................................................ 89

CHAPTER4 Chemical basis of biology................................... 91
4.1 From atoms to molecules............................................................91

4.1.1 Electron configuration of atoms........................................ 91
4.1.2 Atomic interactions—Chemical bonds.............................92
4.1.3 Electron sharing principles—Electronegativity.............. 93
4.1.4 Polarity of bond—Molecular dipole.................................93

4.2 Bonding theories......................................................................... 95
4.2.1 Valence bond theory.......................................................... 96
4.2.2 Molecular orbital theory.................................................... 97

4.3 Noncovalent interactions............................................................98
4.3.1 Ion-ion interactions.............................................................98
4.3.2 Ion-dipole interactions.......................................................98
4.3.3 lon-induced dipole interactions......................................... 99



Contents IX

4.3.4 Van der Waals interactions—Leonard-Jones
potential............................................................................. 100

4.3.5 Dipole-dipole....................................................................100
4.3.6 Dipole-induced dipole...................................................... 101
4.3.7 Induced dipole-induced dipole—london forces..............101
4.3.8 Hydrogen bond and water structure................................ 103

4.4 Chemical thermodynamics—free energy..................................104
4.4.1 Entropy and hydrophobicity............................................ 107

4.5 Chemical kinetics........................................................................107
4.5.1 Rate law—Arrhenius equation.........................................107
4.5.2 Collison theory................................................................. 109
4.5.3 Transition state theory...................................................... 109
4.5.4 Quantum tunneling........................................................... 109
4.5.5 Nucleophilic-electrophilic—SN2 reaction...................... 111

Sample questions................................................................................. 112
References and further reading........................................................... 113

CHAPTER 5 Biomacromolecules........................................... 115
5.1 Nucleic acids...............................................................................115

5.1.1 Nucleotides........................................................................ 115
5.1.2 The DNA double helix......................................................116
5.1.3 DNA superhelicity............................................................. 124

5.2 Proteins........................................................................................126
5.2.1 Amino acids.......................................................................126
5.2.2 Peptide bond......................................................................126
5.2.3 Secondary structures......................................................... 130
5.2.4 Supersecondary and tertiary structures............................ 134
5.2.5 Quaternary structure..........................................................143
5.2.6 Protein flexibility and dynamics....................................... 147

5.3 Carbohydrates...............................................................................148
Sample questions.................................................................................150
References and further reading........................................................... 150

CHAPTER 6 Structure analysis and visualization.....................151
6.1 X-ray crystallography................................................................. 151

6.1.1 Scattering of X-rays by an atom ......................................152
6.1.2 Diffraction from a crystal — Laue equations.................. 156
6.1.3 Diffraction and Fourier transform.....................................160
6.1.4 Convolution and diffraction.............................................. 161
6.1.5 The electron density equation...........................................162
6.1.6 Refinement......................................................................... 165



x Contents

6.2 Nuclear magnetic resonance (NMR) 166
6.2.1 Basic principles 166
6.2.2 Chemical shift................................................................. 167
6.2.3 J-Coupling........................................................................168
6.2.4 Nuclear overhauser effect (NOE) 168
6.2.5 Structure computation..................................................... 169

6.3 Cryo-electron microscopy 170
6.3.1 Wave optics of electrons—scattering............................. 171
6.3.2 Theory of image formation.............................................172
6.3.3 Image processing by multivariate statistical

analysis—principal component analysis...........................175
6.3.4 Clustering......................................................................... 177
6.3.5 Maximum likelihood....................................................... 178

6.4 Representation of structures....................................................... 179
6.4.1 Structural data..................................................................179
6.4.2 Line representation......................................................... 180
6.4.3 Spheres—CPK representation........................................ 181
6.4.4 Ribbon representation......................................................182
6.4.5 DNA................................................................................ 184
6.4.6 Surface representation.................................................... 185
6.4.7 Surface hydrophobicity and charge................................185
6.4.8 Volume representation.................................................... 186
6.4.9 Occupancy.......................................................................187

6.4.10 Temperature factor.......................................................... 187
Sample questions.................................................................................188
References and further reading...........................................................190

CHAPTER? Protein folding..................................................191
7.1 The protein folding problem......................................................191
7.2 Physical forces in protein folding............................................ 192
7.3 Protein energy landscape........................................................... 193
7.4 Folding in cellular environment................................................194
7.5 Molecular chaperones................................................................195

7.5.1 Mechanisms of chaperone action.................................... 195
7.5.2 Ribosome-associated chaperones......................................197
7.5.3 Interaction witln other ribosome-associated factors....... 200
7.5.4 Some other model chaperones.........................................202

Intrinsically disordered proteins........................................................210
Sample questions................................................................................ 212
References and further reading.......................................................... 212



Contents xi

CHAPTER 8 DNA synthesis: Replication.................................. 215
8.1 Thermodynamics of DNA synthesis...........................................215
8.2 Mechanism of DNA synthesis................................................... 217

8.2.1 Structural and functional diversity................................... 217
8.2.2 Common architecture of DNA polymerases................... 221
8.2.3 Primer: template DNA-binding to enzyme......................221
8.2.4 Formation of E:p/t:dNTP ternary complex......................225
8.2.5 Phosphoryl transfer reaction.............................................227

8.3 Cellular context.......................................................................... 231
8.4 Initiation of bacterial DNA replication......................................234

8.4.1 Melting of the DNA—Replicator and initiator.................234
8.4.2 Unwinding of the DNA—Helicase and helicase

loader................................................................................. 239
8.4.3 Priming DNA synthesis—Primase and SSB....................243

8.5 Bacterial replicase.......................................................................247
8.5.1 The polymerase................................................................ 247
8.5.2 The processivity clamp.................................................... 250
8.5.3 The clamp loader..............................................................253

8.6 Disentanglement of replication products................................... 256
8.7 Eukaryotic DNA replication.......................................................260

8.7.1 The nucleosome................................................................ 260
8.7.2 Initiation of replication..................................................... 263
8.7.3 Multiple polymerases at work...........................................264

8.8 Proofreading................................................................................ 269
8.8.1 Prokaryotic.........................................270

8.8.2 Eukaryotic.........................................................................273
Sample questions................................................................................ 273
References and further reading...........................................................274

CHAPTER 9 Transcription.................................................... 277
9.1 Basic requirements for transcription........................................ 277
9.2 Bacterial transcription............................................................... 278

9.2.1 Bacterial RNA polymerase............................................... 278
9.2.2 Promoter............................................................................ 281
9.2.3 Initiation: Holoenzyme-DNA interactions.......................283
9.2.4 Elongation.........................................................................290
9.2.5 Termination........................................................................293
9.2.6 General transcription factors............................................296
9.2.7 Antibiotics that inhibit transcription initiation............... 296

9.3 Eukaryotic transcription............................................................298
9.3.1 RNA polymerase II.......................................................... 298



xii Contents

9.3.2 Promoter...........................................................................300
9.3.3 General transcription factors..........................................301
9.3.4 Transcription by RNA polymerase I and III................. 308

9.4 Transcriptional regulation.........................................................310
9.4.1 Prokaryotic regulation.....................................................311
9.4.2 Eukaryotic regulation......................................................323

Sample questions...............................................................................333
References and further reading.........................................................334

CHAPTER 10 RNA processing............................................... 337
10.1 RNA Pol II CTD..................................................................... 337
10.2 5‘-end capping.........................................................................338

10.2.1 Basic mechanism.......................................................... 338
10.2.2 Noncanonical capping..................................................345

10.3 3‘-end polyadenylation......................................... 346
10.3.1 Basic mechanism.......................................................... 346
10.3.2 3‘-end processing machinery .......................................347
10.3.3 Alternative polyadenylation......................................... 352

10.4 RNA splicing........................................................................... 354
10.4.1 Chemistry..................................................................... 354
10.4.2 Spliceosome dynamics................................................ 355
10.4.3 Self-splicing................................................................. 360
10.4.4 Alternative splicing.......................................................361

10.5 RNA editing.............................................................................361
10.5.1 Site-specific deamination.............................................362
10.5.2 Guide RNA-directed editing........................................363

Sample questions.............................................................................. 366
References and further reading........................................................ 366

CHAPTER 11 Translation...................................................... 369
11.1 Transfer of genetic information—From mRNA to protein.... 369

11.1.1 Protein synthesis..........................................................369
11.1.2 Messenger RNA—Genetic code..................................369
11.1.3 Transfer RNA—Means of information transfer........ 373
11.1.4 Aminoacyl-tRNA synthetase—Activation

of tRNA........................................................................ 379
11.1.5 The ribosome—Multicompartmental reaction

vessel............................................................................ 387
11.1.6 Structural-dynamics of translation..............................396

11.2 Initiation of translation............................................................ 398
11.2.1 Prokaryotic................................................................... 398
11.2.2 Eukaryotic.................................................................... 404



Contents xiii

11.3 Translation elongation.............................................................. 411
11.3.1 Decoding.......................................................................414
11.3.2 Peptidyl transfer............................................................417
11.3.3 Translocation................................................................ 417

11.4 Translation termination.............................................................420
11.5 Translational quality-control.................................................... 422
11.6 Post-translational modification.................................................424
Sample questions................................................................................ 428
References and further reading.......................................................... 429

CHAPTER 12 DNA damage and repair.................................... 431
12.1 Structural chemistry of DNA damage......................................431

12.1.1 Spontaneous reactions..................................................431
12.1.2 Chemical damage......................................................... 432
12.1.3 Radiation damage......................................................... 435

12.2 Mismatch repair........................................................................435
12.3 Direct reversal of damage........................................................442
12.4 Base excision repair..................................................................443
12.5 Nucleotide excision repair........................................................447
12.6 Translesion synthesis............................................................... 456
Sample questions................................................................................ 458
References and further reading.......................................................... 458

CHAPTER 13 Recombination..................................................461
13.1 Homologous recombination......................................................461

13.1.1 Initiation of recombination: resection and
recombinase loading.................................................... 462

13.1.2 Homologous DNA pairing and strand exchange....... 469
13.1.3 Branch migration and Holliday junction

resolution...................................................................... 474
13.2 DNA rearrangements.............................................................. 478

13.2.1 Conservative site-specific recombination.................... 479
13.2.2 Transpositional recombination.................................... 483

13.3 Nonhomologous end joining................................................... 485
13.4 V(D)J recombination............................................................... 487
13.5 Replication-recombination interdependence..........................487
Sample questions................................................................................ 490
References and further reading.......................................................... 490

CHAPTER 14 Membrane structure and function......................493
14.1 Composition of the membrane............................................... 493
14.2 Membrane structure.................................................................494



xiv Contents

14.3 Membrane dynamics................................................................ 496
14.4 Transport across membranes....................................................498

14.4.1 Passive transport........................................................... 498
14.4.2 Active transport............................................................ 501
14.4.3 Transport in vesicles....................................................504

14.5 Transport of biomolecules across membrane ......................... 507
14.6 Signal transduction...................................................................508
Sample questions................................................................................ 511
References and further reading.......................................................... 512

CHAPTER 15 Fundamentals of structural genomics................. 515
15.1 Genome sequencing..................................................................515

15.1.1 Sanger-automated sequencing..................................... 515
15.1.2 Next-generation sequencing.........................................516
15.1.3 Third-generation sequencing........................................519

15.2 Genome annotation...................................................................521
15.3 Structural genomics/proteomics.............................................. 522

15.3.1 Experimental structure determination......................... 522
15.3.2 Computational structure prediction.............................523

15.4 Function prediction...................................................................525
15.5 Big data..................................................................................... 526

15.5.1 Genomics...................................................................... 526
15.5.2 Transcriptomics............................................................ 527
15.5.3 Proteomics....................................................................527
15.5.4 Multiomics and big data..............................................528
15.5.5 Big data sources........................................................... 528

15.6 Structural genomics initiatives................................................ 528
Sample questions................................................................................ 529
References and further reading.......................................................... 529

CHAPTER 16 Cell signaling and systems biology.................... 531
16.1 Cell signaling........................................................................... 531

16.1.1 Cell signaling pathways—basic features.................... 531
16.1.2 G protein pathway........................................................531
16.1.3 Signaling by phosphorylation..................................... 532
16.1.4 Calcium—an intracellular messenger......................... 541
16.1.5 Cross-talk among pathways.........................................543

16.2 Structural basis of immune response.......................................544
16.2.1 Antibody structural diversity...................................... 545
16.2.2 Antigen receptors.........................................................548

16.3 Structural systems biology...................................................... 551
16.3.1 Protein-protein interaction networks.......................... 551
16.3.2 Integrating structural data........................................... 552



Contents XV

Sample questions................................................................................555
References and further reading..........................................................555

CHAPTER
17.1

Macromolecular assemblies.............................. 557
Molecular self-assembly...........................................................557
17.1.1 Principles of self-assembly.......................................... 557
17.1.2 Biomacromolecular complexes................................... 558
17.1.3 Viral capsids..................................................................558
17.1.4 Ribosome assembly......................................................561
17.1.5 Exosome........................................................................565
17.1.6 Proteasome.................................................................... 566
Single-particle cryo-electron microscopy................................568

Sample questions................................................................................ 572
References and further reading...........................................................572

CHAPTER 18 Computational molecular biology...................... 575
18.1 Modeling and simulation........................................................575
18.2 Molecular dynamics................................................................ 576

18.2.1 Basic theory..................................................................577
18.2.2 Molecular dynamics trajectory.................................... 581
18.2.3 Simulation of a cellular process.................................. 583

18.3 Drug design..............................................................................584
18.3.1 Target identification—3D structures............................584
18.3.2 Computational drug screening—Molecular

docking.......................................................................... 585
18.3.3 Hemoglobin and sickle cell disease............................588
18.3.4 Enzyme inhibitors as drugs......................................... 589
18.3.5 HIV protease and integrase as drug targets.................591
18.3.6 Targeting interaction networks.................................... 595

Sample questions................................................................................ 599
References and further reading.......................................................... 599

CHAPTER 19 Artificial intelligence (AI) applications.............. 601
19.1 AI fundamentals....................................................................... 601

19.1.1 Machine learning (ML)............................................... 603
19.1.2 Neural networks........................................................... 609
19.1.3 Deep learning (DL).......................................................612
19.1.4 AI and big data interdependence.................................615
19.1.5 Cloud computing and AI.............................................616

19.2 AI applications........................................................................ 617
19.2.1 Cryo-electron tomography............................................617
19.2.2 Systems biology/metabolic engineering....................... 618



xvi Contents

19.2.3 Protein structure prediction.........................................619
19.2.4 Drug design.................................................................. 625
19.2.5 Phylogenetics................................................................ 631

Sample questions................................................................................ 632
References and further reading.......................................................... 633

Index........................................................................................................................635


