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behavior, 149–153

sequence evolution of, 151

Lattice polymer structures,

designability of, 168

Lattices, structural evolution on,

153–161

Lattice spaces, 154

Lattice structure graph (LSG),

154–161

results from analysis of, 155

Lattice structures, choosing,

155–157

Lattice systems

modeling higher levels of

functionality in, 153

protein evolution in, 166–167

Least universal common ancestor

(LUCA), 171, 183

Life on Earth, coherent narrative for, 94.

See also Early life

Ligand-binding domain (LBD), 106

functionality of, 107–108

Ligand-binding sites, automated design

of, 275–277

Ligand substructures, conservation

of, 205

Long interspersed nuclear elements

(LINES), 61

Long interspersed repetitive elements

of type 1 (LINE-1), 61–62

L-threonine aldolase (TA),

comparison with alanine

racemase, 251

Lysozymes, neutrality and parallel

evolution in, 59–60

MacClade program, 27

‘‘Majority rule’’ consensus strategy,

62–63, 77
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Make–accumulate–consume yeast

strategy, 100, 104–105

Mammal reconstructions, 33

Mammals, ribonucleases from, 36–59

Maximum likelihood (ML) analysis,

22, 24

programs for, 27

versus maximum parsimony methods,

25–26

Maximum likelihood evolutionary tree,

96, 97

Maximum likelihood tools, 29

value of, 58–59

Maximum parsimony (MP) methods,

180

versus maximum likelihood analysis,

25–26

Maximum parsimony theory, 20

Mechanistically diverse superfamilies,

197, 198–200

Medicine, incorporating natural history

into, 115–116

Metazoan endocrine system, 109

Metazoan phyla, 33

Microbial world, biodiversity in, 33

Minimum change concept, 20

mMjCM (chorismate mutase),

261–263

Models

‘‘nonergodic’’ characteristics of, 160

statistical tests on, 29

using topological observables to

compare, 157

Molecular biology, role for history in,

3–7

Molecular characterization, failure of, 4

Molecular paleoscience, potential of, 59

Molecular records, correlating with

paleontological records, 15–17

Molecular resurrections, 6t

Molecular techniques, for calculating

evolutionary relatedness, 175–176

Molten globules, 261–262, 263

Montastraea cavernosa, color

diversification in, 110–111

Most probabilistic ancestral sequence

(MPAS), 87

Most probabilistic ancestral state, 96

Mouse RNase genes, 48

Muconate lactonizing enzyme II (MLE

II), 263–264

directed evolution of, 225

Multiple candidate ancestral protein

synthesis, ambiguity management

using, 34–35

Mutagenesis experiments, 53

Mutation(s)

accumulation of, 228

in cryptic genes, 227

robustness to, 226–227

N-acetylneuraminate lyase (NAL),

247–248

N-acylamino-acid racemase (NAAAR),

220–221

NAD-dependent isopropylmalate

dehydrogenase (NAD-IMDH), 112

NADP-dependent isocitrate

dehydrogenases (IDH), 112–113

Natural enzymes, promiscuity of,

216–221

Natural selection, 3

Natural world, structural diversity in, 134

Neighbor joining (NJ) method, 181, 182

Neutral drift, 35

Neutralist–selectionist debate, 8

Neutral network concept, 150–151

Neutral paths, enzyme evolution

along, 222

p-Nitrophenylacetate, hydrolysis of, 277

Novel enzymes, design of, 277–278, 287

Novel reactions, redesigning enzymes

to catalyze, 195

Novo-TIMs, 280–281
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Null convergent model of structural

evolution, 161–165

testing of, 163

Octarellins, 284

OMPDC suprafamily, 210–213

Oncogenes, identifying, 65

Open reading frames (ORFs), 48, 63

Opsins

blue, 83–84

green, 82–83

planetary biology of, 84–85

vertebrate, 74

Organismal PDUGs (oPDUGs),

constructing, 162–165. See also

Protein domain universe graph

(PDUG)

o-succinylbenzoate synthase (OSBS),

245–247

activity of, 220–221, 263–264

o-succinylbenzoate synthase enzymes,

203–204

o-succinylbenzoate synthase reaction,

catalysis of, 225

Outgroups, 14–15, 23

Oxaloacetate decarboxylation, peptide

capable of promoting, 285–286

4-Oxalocrotonate tautomerase (4-OT),

redesign of, 254–255

Pachyportax, 16–17

RNase sequences in, 38

Pairwise sequence alignment, 12–14

Paleobiochemical experiments, 11

RNases in, 37

Paleobiochemistry, 5

with eosinophil RNase homologs,

49–51

family management via, 81

with ribonuclease homologs in bovine

seminal fluid, 51–58

Paleobioscience, 71

Paleogenetic experiments, inferences

from, 58

Paleogenetic paradigm, ambiguity’s

defeat of, 35

Paleogenetics studies, ‘‘deep time,’’ 93

Paleomolecular biology, 5

Paleomolecular resurrections, 94

biological understanding via,

108–109

protein behaviors identified by, 115

Paleontological records, correlating

with molecular records, 15–17

Paleosystems biology, 5

Parallel evolution, in lysozymes, 59–60

Paralogs

assigning primitive behavior to,

99–100

duplication of, 100–104

Parsimony, 20

Parsimony analysis, 23–24. See also

Maximum parsimony entries;

PAUP* program

of serine proteases, 66–68

Partial chemical reactions (PCRs),

194, 198

PAUP* program, 27

Pax-6 homologs, ectopic expression of,

72–73

Pax domains, evolution of, 73–74

Pax genes, sequence analysis of, 69

Pax system, 68–74

‘‘Perfect enzyme,’’ 280

Periplasmic binding proteins,

computational redesign of, 276

Per-monomer free energy (f),

expression of, 168–169

Peroxiredoxin suprafamily, 212,

213–214

Phenylserine aldolase activity, 250

Phosphate-binding pocket, 208

Phosphotriesterase, 221

Phylogenetic categorization, 176
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Phylogenetic information, protein

structure distributions as a source

of, 177–178

Phylogenetic reconstructions, 76–78

Phylogenies, 175–176

based on protein structural domains,

179

Planetary biology

of coral fluorescent proteins, 111

of opsins, 84–85

Polypeptides, structural space for,

153–154

Population genetics, 151

Posterior probabilities, 96

Preferential attachment models, 149

PRETTY program, 62

Primate evolution, EDN and ECP

mutations in, 49–50

Primitive behavior, assignment to

paralogs, 99–100

Primordial protein synthesis, 257

Probabilistic ancestral sequences, 20

differences in, 29

Probabilistic model, 22

Processed pseudogenes, 229

Prokaryotes, metabolism in, 229

Promiscuity

catalytic, 217–219

degrees of, 216

increase in, 226

in protein design, 229–230

Promiscuous enzymes, 216–227

engineered, 222–227

natural, 216–221

recently evolved, 221–222

Promiscuous intermediates, 222,

223–227

in evolutionary pathways, 215–230

Promiscuous proteins

constraints on, 215

design of, 229–230

evolutionary plasticity of, 230–231

Proteases

diversity of, 68

specificity of, 65–68

Protein activities, genetic sources for,

215

Protein catalysts, 256

novel, 269

Protein Data Bank, 275

Protein design, 135, 139

conservation of catalysis in,

203–204

exploiting promiscuity in,

229–230

exploiting suprafamilies in,

214–215

Protein domain universe graph (PDUG),

144–149. See also Organismal

PDUGs (oPDUGs)

random subgraphs of, 163

topological features of, 147

Protein domains, 137–138

Protein engineering, 50, 194–195

novel enzyme generation in, 242

success of, 230

template selection for, 203–204,

230

Protein evolution, 143, 193–239

big bang model for, 147–149

conservation in, 195–215

convergence versus divergence

paradigms for, 134–135, 139–140,

144, 151–152

degree distributions from sequence-

based models of, 159

designability and, 168–175

dominance of active-site architecture

in, 210–213

structure-centric view of, 133–135

Protein family evolution model

building, 12–17

Protein folding, 276, 282–285

lattice polymer systems and, 150
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Protein folds

distribution of, 139–140

estimating the number of, 140–141

Protein–protein interactions,

276–277

Proteins. See also Enzyme entries

designability increase in, 171

disordered, 262

percent sequence identity between

ancestral and modern, 89t

unnatural-fold, 284–285

Protein sequence divergence,

sophisticated theories of, 20–22

Protein sequence evolution, theories

of, 17

Protein sequences, computer analysis

of, 5

Protein structural domains, lateral gene

transfer and, 182

Protein structure(s)

classification of, 135–138

de novo designed, 283

lattice polymers as models of,

149–153

Protein structure space, 51–52

Pseudogenes, 215, 228–229

P-values, random subgraph, 164

Quaternary enzyme assembly,

simplifying, 259–260

Rana pipiens genome, 63

Random design, intersection with

rational design, 269

Random-graph-like degree distribution,

in the lattice structure graph,

154–155

Random subgraph P-values, 164

Random subgraphs, 163–164

Rate matrix, 14

Rational design, intersection with

random design, 269

Rational enzyme redesign, 243–244

Rat RNase genes, 48

Reactive immunization, 272–275

Reactive immunogens, design of,

273–274

Recently evolved enzymes, promiscuity

of, 221–222

Reconstructed ancestral ribonucleases,

kinetic properties of, 41t

Reconstructed ancient ribonucleases

catalytic activity of, 43–46

sequence changes in, 44t

thermal transition temperatures for,

42t

‘‘Reconstructing Ancestral Character

States’’ symposium, 31

Reconstructions, sources of ambiguity

in, 28–31

Red fluorescent proteins, 111

Red/green color diversification,

in coral fluorescent proteins,

109–110

Regulatory systems, resurrection of,

68–74

Resurrected proteins, behaviors of, 50

Resurrected sequences, information

provided by, 114

Resurrection, of regulatory systems,

68–74

Retrograde evolution hypothesis, 205,

209

Retrotransposons, 60, 61

RH2 pigments, ancestral, 82

Rhodopsin genes, multiple sequence

alignment for, 75

Rhodopsins, from archosaurs, 75–78

RIBAses, 47

Ribonuclease homologs

in biological activities, 47–48

in bovine seminal fluid, 51–58

Ribonuclease resurrections, lessons

learned from, 58–59
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Ribonucleases (RNases). See also

RNase evolutionary models

ancestral, 37–46

cell-based activities of, 58

composition of, 36

as digestive enzymes, 38

functions of, 36

from mammals, 36–59

multiple sequence alignment of,

14–15

in vertebrates, 47–48

Ribose-binding protein (RBP),

conversion into triose phosphate

isomerase, 278–281

Ribozyme-design experiment,

222–223

RNase A family, 37

RNAse evolutionary models, 54–56.

See also Ribonucleases (RNases)

Ruminant artiodactyls, 46–47

Ruminant digestion, origin of,

46–47

Ruminant digestive physiology, 38

S94A mutation, 83, 84

S295C mutation, 84

Saccharomyces cerevisiae genome,

duplication in, 102–103t

Scaffolds, inert, 268–281

‘‘Scale-free’’ fold-size distribution, 141

Scale-free networks, 147, 149

evolving, 156–157

sequence dynamics and, 157

SCOP (Structural Classification of

Proteins)

database, 137

Scoring functions, 13–14

Scylatone dehydratase activity, rational

design of, 255–256

Seminal genes, expression of, 53–54

Seminal ribonucleases, divergence

of, 55

Seminal RNases, 52–58

immunosuppressivity of, 57–58

properties of, 56

Sequence alignment, 12–14

Sequence ambiguity, managing, 31–35

Sequence-based model, of structural

evolution, 166

Sequence collection, ambiguity

management using, 32–33

Sequence comparisons, 176–177

Sequence data, trees inferred from, 26

Sequence database, ambiguity in, 28

Sequence homologs, 137–138

Sequences, F-scores of, 158–160

Sequence ‘‘similarity,’’ scoring

function and, 13

Sequence–structure pockets, 143–144

Serine proteases, 65

Short interspersed nuclear elements

(SINES), 60–61

Short wavelength–sensitive type 1

(SWS1) visual pigments, 78–82

Signaling, estrogen, 105–109

Site selection, ambiguity management

using, 33–34

Sleeping Beauty (SB) transposon, 62–65

compared to Frog Prince transposons,

63–64

Small subunit rRNA (SSU rRNA)

relationships, analysis of, 176

Speciation mechanism, in the big bang

model, 165

Species tree, structural domain natural

history built on, 184

Specificity-diverse superfamily, 197

SRHEPT heptavariant, 268

S-score, 154

Stability studies, 43

Steroid receptors

analyses of, 107

ancestral, 105–109

in metazoans, 106–107
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Stochastic models, of protein

evolution, 167

Structural biology, 9–10

Structural classification databases, 137

Structural distances, automated method

for defining, 138

Structural evolution ‘‘free-energy

landscape’’ picture of, 149

influence of designability on, 170–173

Structural evolution models

big bang, 165

convergent, 161–165

failings of, 166

sequence-based, 157–158

Structural features, progression of,

174–175

Structural genomics, 165–166

projects, 183–184

Structural phylogeny (phylogenies),

175–184

building, 178–183

unrealized promise of, 183–184

Structural proteomes, 161–165

importance of, 162

Structural universe, random subgraphs

of, 163–164

Structure–Function Linkage Database

(SFLD), 197, 231

Substrate binding, as an evolutionary

constraint, 196

Substrate-constrained evolution, in

suprafamilies, 204–209

Substrate-constrained suprafamily,

197–198

Substrate specificity, changing, 264–268

o-Succinylbenzoate synthase (OSBS),

245–247

activity of, 220–221, 263–264

o-Succinylbenzoate synthase enzymes,

203–204

o-Succinylbenzoate synthase reaction,

catalysis of, 225

Superfamilies. See also Enzyme

superfamilies

analysis of, 198

defined, 197

Suprafamilies active-site architecture-

constrained evolution in, 209–214

defined, 197–198

exploiting in protein design, 214–215

substrate-constrained evolution in,

204–209

Suprafamily relationships, research

into, 214

SWS1 pigments. See Short

wavelength–sensitive type 1

(SWS1) visual pigments

Systems biology, historical perspective

on, 7

Template enzymes, screening, 195

Templates, promiscuous, 230

Template selection, for protein

engineering, 203–204

Tetrachlorohydroquinone dehalogenase

(TCHQD), 221–222

Thermophilic organisms, 85–86

Thermophilic proteins, designability

of, 170

Thermostability

assays, 92–93

profiles, 90

similarities in, 89–90

Thioredoxin, esterase activity in,

277–278

Thioredoxin suprafamily, 211, 212,

214

34E4 antibody, 270–271

3a-hydroxysteroid dehydrogenase

(3a-HSD), 245

Three-dimensional lattice simulation,

170

L-Threonine aldolase (TA), comparison

with alanine racemase, 251
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Transitional form conundrum, 69

Transition redundant exchange (TREx)

clock, 100

Transition-state mimicry, combining

reactive immunization with,

273–274

Transposable elements, ancestral,

60–61. See also Transposons

Transposons, 60

biomedical applications of, 64–65

Tree topologies, differing, 80

Trifurcated evolutionary tree,

23–25

Triose phosphate isomerase (TIM),

conversion of ribose-binding

protein into, 278–281

TrpF, 264–265. See also HisA/TrpF

enzyme

Tryptophan biosynthesis, 205–209

Tryptophan biosynthesis enzymes,

206–208. See also TrpF

20� 20 matrix, 13–14

Two-dimensional lattice polymers,

sequence evolution of, 151

Tyr265Ala mutation, 250–253

Tyrosine aminotransferase (TyrAT),

267

Ubiquitin, redesign of, 284

Ultraviolet sensitivity studies, 81

Ultraviolet vision, 78, 80

planetary biology questions related

to, 81–82

Unconstrained parsimony, 181

Vertebrate opsins, 74

Vertebrate-type steroids, 106

Virtual libraries, computational

screening of, 275–281

Virtual sequence libraries, automated

screening of, 288

Vision, evolution of, 75

Visual pigments, 74–85

evolution of, 78

short wavelength–sensitive type 1,

78–82

Yeasts

domestication of, 100

ethanol accumulation by, 94

Zebra finch, ultraviolet sensitivity in, 81

Zebrafish

blue opsins in, 83–84

visual pigments in, 82–83
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