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– fl avin cofactor redesign 176–180
– heme cofactor engineering 173–176
– inorganic cofactors 165, 168
– natural cofactors 164, 165
– organic cofactors 166–169
– overview 163, 164
– redox cofactors 169–180
– subtilisin binding site 267
cognate sequence identifi cation 255, 

256
coiled-coil interfaces 389
colicin (DNAase) 389, 391
Combinatorial Libraries Enhanced by 

Recombination in Yeast (CLERY) 50, 
63

combinatorial optimization 368, 369
combined design methods 336–338, 387, 

388
compartmentalized self-replication (CSR) 

76, 77, 155, 289–291
competitive inhibition 5
complicated folding pathways 91–94, 

97–100
computational modeling
– see also algorithms; databases
– combined methods 336–338, 387, 

388
– enzymes in organic solvents 407–417
– power limitations 416
– protein design
– – DNA binding/specifi city 394, 395
– – enzymes 380–388

– – force-fi elds 364–368
– – key concepts 363–371
– – named algorithms 364–369, 372, 374, 

382
– – protein core redesign 371–379
– – protein–protein interface design 

388–394
– protein folding/dynamics 89–111
– tunnel engineering software 444–447
condition promiscuity 21, 22
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cross-reactivity, see promiscuous enzymes
CstII sialyltransferase 311
cutinase (Fusarium solani) 12
cyclic amidohydrolases 13, 14
cyclohexanone monooxygenase (CHMO) 
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– dirigent proteins 3, 4
– overview 1–3
– solvents 4–11
– structure and folding 12–14
– unconventional reaction media 4–11
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elastases 246
enantioselectivity
– asymmetric nitroalkanes 198–200
– chiral ligands in homogeneous catalysis 

216
– Diels-Alder reactions 176, 177
– loop replacements 12
– myoglobin heme substitution 175–177
– P450 decoy molecules 339
endo-1,4-β-xylanase 92
endonucleases, homing 395
ene-reductases 193–195, 198–200
ENH-FSM1 (UVF) 92, 97
EnHD structure 92
enoate reductases 200–202
ensemble protein structures 445, 447
enthalpy/entropy 413
environmental-sustainability 416
enzyme membrane reactors (EMRs) 172
enzyme-linked immunosorbent assay 

(ELISA) 313
enzymes
– see also cofactor redesign; 

enantioselectivity; individual enzymes
– activity 332–340, 407
– computational design 380–388
– enzymatic fusion 352–354
– folding/dynamics 106–110
– identifi cation 193–210
– modeling in organic solvents 407–417
– organic cofactor distribution 166, 167
– protease specifi city engineering 243–274
– stability engineering examples 117–120
– substrate specifi city 383–386
– thermophilic organisms 145–157
– tunnels 421–452
episomal plasmids 48
error-prone PCR 336, 337, 341, 342
Escherichia coli host expression system 63
– anaerobic HT screening 205–207
– CYPs 343, 344, 348
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organometallic complexes 215–237
– concept 215, 216
– design 216–222
– development 223–226, 234–237
– protocols 226–234
– reactions catalyzed by 225
OSPREY software package 366, 369, 370, 

372
overexpression, ancestral proteins 35, 36
overlap extension PCR (OE-PCR) 53, 54
oxidase shunts 328, 329
oxidative damage mechanisms 196
oxidative stability measurement 134, 135
oxidoreductases
– cofactors 169
– high-throughput anaerobic screening 

193–210
– metal cofactors 165, 169
– protein stability engineering 117, 120, 

125
– pyruvate:ferredoxin oxidoreductase 157
– tunnel-possessing 425–428, 434
– – engineered 439, 440
oxygen, cofactors 168
oxygen-sensitivity 193–210

p
P′ fi xed backbone problem 368
P1′ problem 364
P1 specifi city 246, 247
P4 pocket of subtilisin 250, 253–256, 

268–270
p21-activated kinase (PAK1) 392
P450 enzymes, see cytochrome P450 

monooxygenases
pairwise decomposability 366, 367
paleobiology 42, 43
palm domain, DNA polymerases 279, 280
pancreatic lipase, human 11
papain 220, 221
paraoxon hydrolysis 16
paraoxonases 32

Parsimony approaches 34, 35
partitioning coeffi cient 5
penicillin G amidase (PGA) 138
Penicillium purpurogenum 12
pentaerythritol tetranitrate (PETN) 195, 

199, 205–207
peptide binding 105, 106
peptide hydrolysis 243–274
peptide nucleic acid pentamers 292, 293
perfume production 199, 200
perimycin 308
permanent genotype–phenotype linkages 

77, 78
19-O-perosaminyl-amphoteronolide 308
peroxide shunts 328, 329, 338
Pfu DNA polymerase 281
pH indicator assays 314
pH memory effect 5
phage display
– polymerases 289, 290
– subtilisin 255, 256, 263, 265–268
phage-assisted continuous evolution 291
(E)-2-phenyl-1-nitropropene 199
N-(5′-phosphoribosyl) anthranilate (PRA) 

14
phosphoribosylpyrophosphate (PRPP) 436, 

437
phosphoribosyltransferase (PRTase) 436
phosphotriesterases 16
Photinus pyralis luciferase 128
phylogenetic trees 35–37
piano-stool complexes 228–233
Pichia spp. 51–55, 64
Picrophilus torridus 145
pig brain NADase 170, 171
(+)-pinoresinol 4
Poisson–Boltzmann equation 367
polarity
– polarizable protein models 409, 415
– solubility 5
– solvents
– – additives 412
– – enzyme activity 407
polydispersity noise 75, 79
polymerases
– chain reaction 53, 54, 281, 336, 337
– engineering 279–294
– – sequencing 281–288
– – strategies 288–291
– REAP method 33, 34
– thermophiles 154–156
post-translational modifi cations 49, 52, 

223, 303–318
PP2a phosphatase 16
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PR65 HEAT-repeat scaffold 16
procarboxypeptidase 100–102
PRODA-MATCH software 382
prodomains, subtilisin 255, 256, 258–260
proliferating cell nuclear antigen 353, 354
proline-rich CYP regions 345
promiscuous enzymes 3
– catalytic promiscuity 21, 22
– condition promiscuity 21, 22
– dirigent effects in biocatalysis 19–22
– glycosyltransferases 303–318
– γ-humulene synthases 1, 2
– oleandomycin glucosyltransferases 312, 

313
– substrate promiscuity 21, 22
promoters 48, 51–53, 150, 152
proofreading-defi cient polymerases 287
proteases, see serine proteases; subtilisin
Protein Engineering Analysis Tool (PEAT) 

139
protein tunnels 421–451
– channels distinction 423
– examples 425–433, 439–442
– haloalkane dehalogenase 448–450
– keyhole-lock-key model
– – defi nition 422–424
– – engineering implications 438–444
– – robustness/applicability 424–437
– multiple tunnels 433, 436
– one tunnel 424, 433
– – two distinct active sites 436, 437
– software tools 444–447
proteins
– see also computational protein design; 

individual proteins; protein tunnels
– amino acid set expansion 42
– interfaces, computational design 388–394
– molecular dynamics simulations 408–410
– organometallic complex scaffolds 

215–237
– production, hyperthermophiles 148–154
– protein A 131
– protein G 390
– protein L 100–102
– PT modifi cations 49, 52, 223, 303–318
protein–ligand complex ensembles 447
protein–protein interfaces 388–394
Prunus amygdalus 53
Pseudomonas spp. 11, 16
PUPPET system 353, 354
purifi cation proteases 258, 259
purifi ed enzyme HT screening 207, 208
putidaredoxin (Pdx) 352, 353
putidaredoxin reductase (PdR) 352, 353

putrescine oxidase (PuO) 178, 179
pyrF gene 150, 151
Pyrobaculum spp. 139, 147
Pyrococcus spp. 149, 156, 157, 391
Pyrolobus fumarii 145
pyruvate:ferredoxin oxidoreductase (POR) 

157
pyruvate formate lyase (PFL) 197

q
quadruple mutants 341
quantitative assays 79
quantum mechanics 109

r
RA22 retro-aldol enzyme 108
random mutagenesis 267, 341, 385, 449, 

450
rapid-folding pathways 92, 94–97
rational design
– CYPs selectivity/activity 332–336
– folding/dynamics 89–111
– glycosyltransferases 307–310
– protein stability 117–126
– protein tunnels 421–451
– serine proteases 243–274
recombinant expression 343–349
Reconstructing Evolutionary Adaptive Paths 

(REAP) 29, 32–34, 37
redox activity
– see also Old Yellow Enzyme (OYE); 

oxidoreductases
– cofactors 169
– – fl avins 177, 178
– – inorganic 165, 168
– – nicotinamide ring systems 163, 167, 

169–173
– CYP redox partner proteins 329, 330, 349
– redox centers mode of action 196
reductase domains 342, 349, 350
remove and regenerate strategy 251, 252
replica exchange molecular dynamics 93, 

94
restriction endonucleases 243
restriction proteases 272, 273
restriction/modifi cation systems 76
retro-aldol (RA) enzyme 106–108
reverse glycosylation reactions 312, 313
reverse transcriptase (RT) activity 154–156
reversed micelle systems 10, 11
RhFRed CYP116B2 reductase domain 350, 

351
Rhizomucor miehei lipase 414
Rhizopus oryzae lipase (ROL) 130
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Rhodococcus spp. 116, 127, 448–451
ribofl avin 180
ribonucleic acid (RNA) 62, 63, 163, 292, 

294
ribosomal S6 100–102
ribosome display 62
ribosome-mediated protein translation 42
ribozymes 163, 164
ribulose-1,5-bisphosphate carboxylase 20, 

155, 156
robotic HT anaerobic screening 205–210
Roche ester 200
rolling circle amplifi cation 287
root-mean-square deviation (RMSD) 91, 

110
Rosetta software
– de novo enzyme design 381, 384
– description 372
– DNA binding/specifi city 395
– fold switching 376
– folding/dynamics 90–102
– force fi elds 367
– loop grafting 374
– one-sided de novo protein interface design 

392
– optimization algorithms 370, 386
– pre-screened variant libraries 385
– substrate specifi city of enzymes 383
rotamers 365–367, 369, 382, 388
rubredoxin 195, 196

s
S1 pockets 246–249
S4 site of subtilisin 250, 268
Saccharomyces cerevisiae 43, 48–51, 64
salen complexes 174, 175, 222
salting-out effect 7
Sanger sequencing 283
scaffolds 215–237, 387, 388
SCHEMA algorithm 338
Schiff bases 106, 107
Schizosaccharomyces pombe 56, 64
second coordination sphere 218, 234
secondary structures 92
– see also folding of proteins
selected-fi t model 421, 422
selection markers 60
selenocysteine 42
self-assembling oligomers 352–354
semi-rational design 332–336
sequences
– see also Ancestral Sequence Reconstruction 

(ASR); site-directed mutagenesis (SDM)
– aromatic side chain modifi cation 223

– glycosyltransferases 304–307
– homologous 34, 35
– polymerase engineering 281–288
– sequencing-by-synthesis 283, 284
– signature functional divergence 32–34, 

36–38
– single molecule 285–288
– space reduction, DNA shuffl ing 29
serine 219, 221
serine proteases
– binding interactions 245, 246
– design challenges 270, 271
– design of mechanism-based selection 

system 259–266
– evolving protease specifi city with anion 

cofactors 266–269
– reaction mechanism 244
– restriction proteases quest 272, 273
– specifi city engineering 243–274
serum albumins (SAs) 175–177
sesquiterpene synthases 1, 2
SHARPEN/CHOMP software package 370, 

372
SHI cystolic hydrogenase 156, 157
short-patch CSR (spCSR) 155, 291
sialyltransferase CstII 311
signal sequences 49
simulated annealing 369
single molecule fl uorescent sequencing 

285
single molecule real-time (SMRT) 

sequencing 286–288
single nucleotide polymorphism (SNP) 

analysis 289
single protein tunnel structures 445
site-directed mutagenesis (SDM)
– haloalkane dehalogenase protein tunnels 

448
– human CYP2B1 solvent stability 341, 

342
– P450 BM3 fusion protein 335–337
– P450cam 333
– polymerases 286
– sequence space 39
sludge digestion 202, 203
small polypeptides 223
small-angle X-ray scattering (SAXS) 11
SN1-like mechanisms 306, 307
SNAP-display 76–78
software packages 363, 364, 372, 444–447
– see also individual software packages
Solexa DNA sequencing 284, 285
Solfolobus solfataricus 353
solubility 5, 343–349
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solvation models 368, 393
solvents 2
– dirigent effects 4–11
– enzymes
– – binding 6
– – organic solvents 407–417
– – stability 148
– – – CYPs 340–343
– log P value 5, 8, 148, 412
– molecular dynamics simulations 

408–410
– stability engineering against 130, 131
somatic hypermutation (SHM) 60
spacers 215, 216, 219, 224, 225
specifi city
– see also enantioselectivity
– dirigent effects in biocatalysis 19–22
– DNA binding, computational design 394, 

395
– ligand/substrate, biomedical uses 41
– proteases engineering 243–274
– – measurement 244
– tunnel engineering 443
Sphingobium japonicum UT26 448, 449
Spodoptera frugiperda 58
src SH3 folding/dynamics 100–102
stability engineering 115–136
– aldehydes tolerance 130, 131
– alkaline tolerance 131, 132
– aspects/approaches 116
– cytochrome P450 monooxygenases 

340–343
– developments 137–139
– examples 117–126
– immobilization 145
– ionic liquid solvents 8
– kinetic stability 132–137
– oxidative stability 134, 135
– power/scope of techniques 116–132
– protein folding/dynamics 89–111
– solvents 130, 131
– subtilisins 252, 253
– thermal stability 116, 127–129, 132–134
– tunnels 443, 444
stereochemistry gate loops (SGLs) 13, 14
stereoselectivity 3, 4, 443
– see also enantioselectivity
stiffening proteins 128, 129
stochastic combinatorial optimization 368, 

369
streptavidin (Sav) 215–237
Streptomyces spp. 348, 352
structural proteins 124
structure-guided engineering 131, 308

structure-promoting/dispromoting amino 
acids 14, 15

structure(s)
– biocatalytic dirigent effects 12–14
– DNA polymerases 279, 280
– enzyme computational modeling 

407–417
– glycosyltransferases 304–307
– human CYP2C9 331
– isoalloxazine ring systems 177, 178
– nicotinamide ring systems 171
– P450 BM3 fusion protein binding pocket 

340
– P450cam 332
– tunnel-possessing enzymes 434, 

435
– X-ray crystal structures 330, 331
substituted heme derivatives 174
substrates
– binding, CYPs 331
– keyhole-lock-key model defi nition 

422–424
– modifi cations, biomedical uses 41
– selectivity
– – computational redesign 383–386
– – CYPs engineering 332–340
– substrate promiscuity 21, 22
– subtilisins 251
subtilisin
– active site 246
– α-chymotryipsin-catalyzed peptide 

synthesis 21
– organometallic chemistry 221
– P4 pocket 250, 253–255, 268–270
– phage display 255, 256, 263, 265–268
– prodomains 255, 256, 258–260
– S1 pocket 246–249
– specifi city engineering 243–274
– subtilisin Carlsberg 411, 414
– ternary complexes 259–263
sugar binding 305
sugar nucleotides 312
Sulfolobus spp. 150, 152
sulfotransferases 32
sulfoxidation 176
sulfur oxygenase gene 152
superactivity 11
supertalented enzymes 3, 19–22
supramolecular anchoring strategy 215, 

216, 219, 220, 222
surface display 49, 50, 54, 62, 63, 73–84
surfactants/detergents 10, 11, 148, 345
switches, substrate-specifi c 383–385
synthetic informational polymers 291–294
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t
T-cell receptors 124
T7 RNA polymerase 291
Taq DNA polymerase 283, 289–291
temperature 147, 149, 340–343
– see also therm...
template circularization 287
tenascin 100–102
ternary complexes, subtilisin 259–263
terpenoids 199, 200
therapeutic proteins
– Ancestral Sequence Reconstruction 41
– computational protein design 394
– engineered glycosyltransferases 303, 309
– mNAD probes/agents 172
– ribofl avin carrier protein 180
– thermal stabilizations 116, 121–123, 

127–129
– transgenic animal/plant expression 

systems 61
– yeast expression systems 53
thermal inactivation measurement 133, 

134
thermal profi le measurement 132, 133
thermal stability engineering 116, 127–129, 

132–134
Thermococcus kodakarensis 150–154, 156
thermodynamic water activity (aw) 6
Thermomyces lanuginosa lipase 415
thermophile enzymes 145–157
– future perspectives 157
– gene modifi cation methods 150, 151
– hyperthermophiles 146
– – cell engineering 156, 157
– – protein production 148–154
– overview 145, 146
– reactions catalyzed by 146–148
– thermophilic protein engineering 

154–156
thermostability
– Ancestral Mutation Method 31, 32
– Arxula adeninivorans 56, 64
– computational fold alteration 377–379
– cytochrome P450 monooxygenases 342, 

343
– industrial applications 40, 41
– Taq DNA polymerase 283, 289–291
– thermophile enzymes 145–157
Thermotoga 146, 154
Thermus alcohol dehydrogenase (TADH) 

218
Thermus spp. 146, 149, 154, 218, 351, 

352
thioanisole sulfoxidation 6, 7

thioredoxin (Trx) 30, 31, 380, 384
three-helix bundles 92, 96, 97
α-L-threofuranosyl nucleic acids (TNAs) 

294
thumb domains 279, 280
timescale of simulations 415, 416
tissue plasminogen activator (tPA) 59
Top7 92, 97–100
toxicity of engineered proteases 272
transferases 123, 169, 428, 429, 434, 440
transgenic expression systems 61
transglutaminase (TGase) method 352, 

353
transition state analogs (TSAs) 16, 17
transition states 16, 17, 380, 381
1,2,3-trichloropropane (TCP) 450, 451
Trichoderma reesei 57
Trichoplasia ni (TN-368 BTI-TN-5B1-4) 58
triggered catalysis 255, 256, 258, 259, 261, 

267–270
triosephosphate isomerase (TIM) barrels 

108
trypsin binding interactions 245–247
tumor necrosis alpha (TNF-α) 52
tunability, subtilisins 257, 258
tunnels, see protein tunnels
two-phase systems 5
two-sided de novo protein interfaces 

390–392
type I/II functional divergence 33

u
U1A RNA-binder 100–102
ubiquitin 412, 413
unconventional reaction media 2, 4–11
uncoupling reactions 329
unfolding of proteins 7, 115, 138
– see also folding of proteins
unstructured domains 14–19
URA3 gene 150
urdamycin glycosyltransferases 307, 

309
UVF (ENH-FSM1) 92, 97

v
validation 43, 44
variant libraries
– computationally pre-screened/random 

comparison 385, 386
– glycosyltransferases 310
– HRP recombinant proteins 50, 83
– HT anaerobic screening 193–210
– microdroplet compartment-directed 

evolution 73–84
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– P450 BM3 fusion protein 337
– PETN reductase 205–209
– REAP method 37, 38
– rotamers for computational protein design 

366
– subtilisin anion site 267
vdW potential 366
viscosity of ionic liquid solvents 8

w
water
– activity coeffi cient (γv) 6
– enzyme modeling in organic solvents 

407–409
– organometallic catalysis 215–237
– water pool (W0) 11
– water-stripping effect 6
weighted sum method (WSM) 371
whole-cell systems 202, 203, 207, 208

x
X-ray crystal structures 15, 330, 331
xenobiotics 202, 203
XNA synthesis 294
xylanase scaffolds 92, 386

y
Yarrowia lipolytica 55, 56, 64
yeast expression platforms 48–56, 64
– Arxula adeninivorans 56, 64
– Pichia spp. 51–55, 64
– Saccharomyces cerevisiae 48–51, 64
– Schizosaccharomyces pombe 56, 64
– Yarrowia lipolytica 55, 56, 64
YqjM PETN reductase mutant 207, 208

z
zinc cofactors 165, 170
zinc fi nger folds 90–93




