
ABSTRACT

The remarkable predominance of right-handedness in beta-alpha-beta helical crossovers has been explained in
terms of equilibrium stability, but a kinetic control mechanism may also play a role. If the beta-sheet contacts are
made before the crossover helix is fully formed, and if the helix formation generally follows the energetic
pathway of least resistance, then the folding helix would impart a torque on the ends of the two strands. Such a
torque would tear apart a left-handed conformation but not a right-handed one. Right-handed helical crossovers
predominate even among all-alpha proteins, where the equilibrium stability of the beta sheet twist does not apply.
Using simple molecular simulations, we can reproduce the right-handed preference in beta-alpha-beta units,
without imposing specific beta strand geometry. This kinetic trapping mechanism is dubbed the "Coriolis effect"
because psi angles going "south" on the Ramachandran plot lead to a left-handed spin of the helix ends, while psi
angles going "north" lead to a right-handed spin. Kinetic trapping explains the presence of a right-handed
superhelical preference in alpha helical crossovers.

Alpha helical crossovers favor right-handed supersecondary structures by kinetic trapping.
The Coriolis force in protein folding.
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1tm9A R 0.83 6 57 74 92 106 119 134

1tx4A L 0.10 21 192 203 209 214 216 228

1tx4A R 0.86 14 64 75 90 102 114 127

1tx4A R 1.00 5 165 183 185 188 192 203

1tx9A L 0.00 11 88 97 104 109 117 129

1tx9A R 1.00 2 75 85 88 97 104 109

1tzyA L 0.00 3 17 21 26 37 45 72

1u84A R 1.00 2 28 38 44 58 65 82

1ubyA L 0.00 5 53 67 73 85 93 120

1ubyA L 0.00 13 167 191 204 214 216 231

1ubyA L 0.00 6 204 214 216 231 236 262

1ubyA L 0.00 4 283 291 294 303 309 322

1un8A R 1.00 24 356 371 373 382 388 404

1un8A R 1.00 5 388 404 413 427 431 448

1un8A R 1.00 16 477 490 495 511 534 547

1us7B L 0.00 8 203 226 234 242 246 285

1us7B R 1.00 4 156 164 168 177 184 200

1us7B R 1.00 6 294 300 317 321 328 339

1utgA R 1.00 5 4 14 18 27 32 47

1uujA R 1.00 2 5 21 25 35 41 46

1v2zA R 1.00 7 186 203 211 225 229 246

1v2zA R 1.00 9 211 225 229 246 252 276

1v54H R 1.00 1 26 45 50 63 66 78

1vj7A L 0.00 9 9 18 22 38 50 63

1vj7A L 0.00 20 22 38 50 63 68 77

1vj7A R 1.00 11 68 77 87 93 96 108

1vj7A R 1.00 8 135 150 160 178 181 195

1vk5A L 0.00 3 67 78 84 97 113 130

1vkeA R 1.00 17 43 57 60 72 77 91

1vkeA R 1.00 10 60 72 77 91 93 114

1vlbA R 1.00 2 102 116 123 132 143 157

1vmgA R 1.00 6 17 23 25 45 48 69

1w0jA L 0.00 14 381 402 412 428 438 450

1w0jA L 0.00 9 412 428 438 450 458 475

1w0jA L 0.00 5 438 450 458 475 477 485

1w0jA L 0.00 2 458 475 477 485 491 508

1w26A L 0.00 5 263 297 304 321 338 357

1w26A L 0.00 8 364 377 381 390 392 409

1x9nA R 1.00 2 289 301 305 322 324 335

1xlyA L 0.00 4 11 44 49 71 92 128

1xlyA R 1.00 1 92 128 138 161 172 179

1xn8A L 0.00 5 6 12 16 20 23 41

1xn8A L 0.00 5 23 41 55 70 105 110

1xn8A L 0.20 5 16 20 23 41 55 70

1y6iA R 1.00 1 105 120 132 137 140 152

1ycqA R 1.00 3 28 36 46 60 77 82

1yfsA L 0.00 2 242 252 260 281 291 309

1yfsA L 0.00 14 316 326 332 336 338 370

1yfsA R 0.80 10 260 281 291 309 316 326

1yfsA R 1.00 3 338 370 380 389 394 403

1yfsA R 1.00 14 380 389 394 403 410 423

1yfsA R 1.00 3 394 403 410 423 445 450

1ygeA L 0.00 3 636 640 643 656 672 695

1ygeA L 0.12 8 255 276 286 292 301 309

1ygeA R 1.00 1 410 415 417 422 474 516

1ygeA R 1.00 6 474 516 523 530 535 544

1yozA R 0.77 13 65 81 83 95 107 123

1z67A L 0.00 7 32 41 45 52 63 70

1zt2B L 0.00 2 27 33 35 50 63 77

1zt2B R 1.00 7 35 50 63 77 80 98

1zt2B R 1.00 7 103 113 142 148 172 196

2a2rA L 0.00 2 83 99 103 108 115 134

2a2rA R 1.00 7 115 134 150 165 174 185

2a6tA L 0.00 2 61 69 73 77 83 92

2a6tA R 1.00 3 9 22 31 52 61 69

2a6tA R 1.00 1 31 52 61 69 73 77

2abkA L 0.00 1 29 39 44 57 61 67

2abkA R 0.83 12 139 148 156 166 169 186

2abkA R 1.00 5 44 57 61 67 69 75

2abkA R 1.00 11 61 67 69 75 82 99

2ae9A R 1.00 25 11 31 37 43 49 65

2aplA L 0.00 16 3 23 25 28 31 51

2aplA L 0.00 1 74 85 94 103 106 114

2au5A L 0.00 4 54 71 82 97 103 122

2au5A L 0.23 17 12 34 42 48 54 71

2c5rA L 0.00 8 69 80 87 94 101 120

2c6jA R 0.88 8 190 212 222 227 232 256

2c6jA R 1.00 2 39 42 65 89 96 113

2c6jA R 1.00 5 232 256 275 278 286 293

2cbiA R 0.92 25 519 541 545 550 552 577

2cbiA R 1.00 16 552 577 580 598 606 618

2cqnA R 1.00 6 744 756 778 782 786 804

2csbA R 1.00 3 183 194 200 207 211 215

2cvzA L 0.00 4 193 201 208 211 213 220

2cvzA L 0.00 6 229 246 251 267 273 284

2cvzA R 1.00 7 160 188 193 201 208 211

2cxfA L 0.14 7 147 155 159 169 177 191

2cxfA R 0.94 18 193 202 206 211 221 235

2cxfA R 1.00 2 159 169 177 191 193 202

2d5bA L 0.17 6 350 366 380 396 400 421

2d5bA R 1.00 8 431 455 457 466 475 478

2diiA L 0.00 1 14 25 27 38 44 51

2endA L 0.17 12 14 36 56 59 64 81

2erlA R 1.00 11 2 9 12 17 23 34

2es9A R 1.00 3 12 22 32 48 54 64

2es9A R 1.00 12 32 48 54 64 68 83

2eucA R 1.00 14 6 23 33 43 48 56

2ex3J L 0.00 8 174 193 198 208 212 223

2f6sA R 1.00 5 82 95 102 117 129 141

2f6sA R 1.00 3 129 141 144 152 161 174

2fcwA L 0.00 7 221 232 237 276 280 319

2fefA R 1.00 6 146 158 162 173 179 184

2fefA R 1.00 7 258 267 272 276 282 292

2fi0A R 1.00 2 15 21 23 31 40 43

2fm9A L 0.00 5 73 82 86 105 110 130

2fm9A L 0.00 11 169 181 183 194 201 228

2fm9A L 0.06 18 55 69 73 82 86 105

2fm9A R 1.00 5 146 164 169 181 183 194

2g62A R 1.00 1 153 168 174 198 218 227

2g62A R 1.00 2 235 238 241 246 253 263

2golA R 1.00 2 48 52 54 69 76 89

2gttA R 0.80 25 306 318 322 325 335 349

2gttA R 1.00 2 50 55 65 75 134 152

2gttA R 1.00 1 237 244 255 259 263 272

2gttA R 1.00 7 263 272 289 292 306 318

2gttA R 1.00 4 335 349 363 370 402 411

2hhpA L 0.00 8 206 220 235 246 252 265

2hhpA L 0.00 1 319 333 335 339 345 348

2hhpA L 0.19 16 252 265 293 297 319 333

2hp8A R 1.00 5 6 20 29 41 48 63

2icwG L 0.00 4 26 35 39 65 72 92

2icwG L 0.00 18 39 65 72 92 97 122

2icwG L 0.00 11 158 166 171 175 177 194

2icwG R 1.00 1 126 144 158 166 171 175

2icwG R 1.00 2 177 194 198 201 205 210

2j0oA R 1.00 30 72 101 108 116 131 175

2j0oA R 1.00 8 192 205 220 229 251 263

2jekA R 1.00 1 93 96 101 115 120 129

2jekA R 1.00 5 101 115 120 129 136 143

2nw8A R 1.00 2 46 77 81 106 110 115

2nw8A R 1.00 10 129 138 143 148 153 163

2o7oA L 0.00 6 127 157 168 177 183 203

2o7oA R 1.00 13 75 92 107 122 127 157

2ot3A R 1.00 3 152 168 175 195 201 223

2ot3A R 1.00 10 262 280 284 306 312 326

2ot3A R 1.00 5 284 306 312 326 331 340

2ot3A R 1.00 1 331 340 344 348 351 367

PDB

code/chain R/L frac R Contacts Helix 1 Helix 2 Helix 3

Helix residue ranges

1j0tA L 0.06 16 16 31 37 40 49 56

1jj2O L 0.00 9 4 14 28 33 37 45

1jj2O L 0.00 5 90 111 116 127 134 141

1jr3A R 0.78 9 278 297 304 308 310 319

1jr3A R 1.00 11 246 258 261 273 278 297

1jswA L 0.00 6 47 65 70 83 104 121

1jswA L 0.00 18 201 226 246 257 275 302

1jswA L 0.00 6 275 302 331 355 365 388

1jswA R 1.00 1 147 182 201 226 246 257

1k6kA R 1.00 2 4 20 27 35 38 46

1k6kA R 1.00 8 27 35 38 46 51 64

1k8kE R 1.00 8 63 83 88 100 123 148

1kjsA R 0.76 38 16 26 34 38 45 62

1kp8A L 0.00 4 53 59 65 84 89 109

1kp8A R 0.82 28 10 29 53 59 65 84

1l8wA L 0.00 11 228 240 255 260 277 289

1lbuA R 1.00 1 17 25 44 56 67 76

1lkpA R 1.00 1 56 63 83 112 115 144

1llaA L 0.00 6 266 282 300 309 317 320

1llaA R 1.00 5 300 309 317 320 323 332

1llpA L 0.00 1 166 177 203 209 236 242

1llpA R 1.00 3 70 73 75 80 87 101

1lp1A L 0.00 9 6 18 24 36 41 54

1lriA R 0.86 14 22 30 44 52 54 66

1lriA R 1.00 3 44 52 54 66 84 97

1m1eB R 1.00 5 11 28 35 43 45 52

1m98A L 0.00 9 33 49 58 72 76 88

1m98A L 0.00 1 58 72 76 88 93 100

1m98A L 0.11 9 103 118 133 144 147 160

1m9xC R 1.00 4 17 29 34 43 49 58

1m9xC R 1.00 2 49 58 63 82 101 105

1m9xC R 1.00 5 101 105 111 118 126 144

1mi1A L 0.00 5 2266 2271 2275 2280 2286 2297

1miwA L 0.00 2 351 357 364 379 386 403

1miwA R 1.00 8 147 153 155 167 174 182

1miwA R 1.00 5 155 167 174 182 184 189

1miwA R 1.00 14 248 258 264 270 275 290

1miwA R 1.00 9 275 290 299 305 307 321

1miwA R 1.00 4 299 305 307 321 327 337

1mp1A R 1.00 1 82 92 96 102 105 114

1mvcA L 0.00 7 264 285 294 303 305 316

1mvcA R 1.00 8 305 316 334 339 343 359

1mvcA R 1.00 3 364 375 386 407 414 419

1n1cA R 0.79 14 152 165 167 177 182 209

1n1cA R 1.00 2 30 33 36 47 49 64

1n45A R 0.95 19 126 155 175 188 193 221

1n45A R 1.00 13 44 67 80 83 86 96

1n5uA L 0.00 2 6 30 36 55 66 76

1n5uA R 1.00 4 66 76 80 83 86 92

1n5uA R 1.00 3 120 129 131 145 151 169

1n69A R 1.00 4 2 19 22 39 43 63

1n81A L 0.00 15 33 55 62 67 70 83

1n81A L 0.00 13 116 142 146 153 156 169

1n81A R 1.00 3 62 67 70 83 91 108

1n81A R 1.00 5 146 153 156 169 176 193

1n93X L 0.00 3 130 149 152 156 159 172

1n93X L 0.00 2 256 276 278 281 289 293

1n93X L 0.12 8 71 82 86 93 130 149

1n93X R 1.00 9 53 59 63 68 71 82

1nfnA L 0.00 2 55 80 93 125 131 163

1nfnA R 1.00 4 45 52 55 80 93 125

1ng6A R 1.00 8 20 39 47 71 74 90

1ng6A R 1.00 7 97 110 119 129 136 146

1ngrA L 0.00 2 356 363 368 376 380 388

1nh2B R 1.00 4 13 20 22 27 32 47

1no1A L 0.14 7 3 16 26 39 42 54

1nt2B L 0.00 1 159 169 172 176 180 183

1nt2B L 0.00 10 180 183 217 220 225 248

1nt2B L 0.00 2 217 220 225 248 253 265

1nt2B L 0.20 10 121 149 151 157 159 169

1nt2B R 1.00 7 32 38 49 54 62 82

1nvuS L 0.00 8 637 648 657 665 672 698

1nvuS R 1.00 4 606 613 621 629 637 648

1nvuS R 1.00 1 701 706 708 720 724 742

1nvuS R 1.00 3 801 804 814 817 819 840

1nvuS R 1.00 14 819 840 845 864 868 878

1nxhA L 0.00 8 63 74 77 84 89 104

1ny9A R 1.00 14 209 219 223 232 236 251

1o0wA R 1.00 3 23 30 33 41 51 72

1o5hA L 0.00 10 24 44 56 88 95 128

1o5hA R 1.00 22 95 128 135 162 166 198

1p0yA L 0.00 4 323 334 355 362 369 372

1p0yA L 0.00 9 355 362 369 372 380 386

1p0yA R 1.00 20 390 410 415 423 428 456

1p7iA R 1.00 1 10 22 28 38 42 54

1puzA L 0.00 8 6 15 21 37 40 51

1q5zA R 0.77 13 596 610 615 628 640 649

1q5zA R 0.89 9 523 527 531 535 541 552

1q5zA R 1.00 2 541 552 561 574 579 590

1q8dA L 0.00 13 279 292 322 333 336 344

1qgtA L 0.00 7 30 36 50 73 79 109

1r0dA R 1.00 3 815 853 858 864 866 895

1r6rA R 1.00 4 25 32 45 57 63 69

1r6rA R 1.00 5 45 57 63 69 75 94

1re9A L 0.00 11 183 203 209 214 225 238

1re9A L 0.00 2 240 256 258 266 268 281

1re9A R 0.88 8 268 281 312 317 350 367

1re9A R 1.00 7 111 135 140 143 145 156

1rfzA L 0.00 12 58 75 83 89 95 107

1rfzA L 0.00 16 110 122 126 131 140 160

1rhgA L 0.00 10 71 92 97 123 143 171

1rlrA L 0.00 4 137 140 145 153 169 180

1rlrA L 0.00 3 169 180 186 201 209 214

1rp4A R 0.96 24 216 240 254 260 265 287

1rp4A R 1.00 3 265 287 300 311 316 319

1rp4A R 1.00 24 353 377 381 390 393 426

1rxqA L 0.00 6 61 83 95 100 102 105

1rxqA R 1.00 1 21 44 47 50 61 83

1s0pA L 0.00 16 136 143 146 149 158 179

1s0pA R 1.00 3 75 99 106 128 136 143

1sb0A L 0.23 13 12 26 32 36 38 57

1sdiA L 0.00 5 5 28 33 44 51 54

1sdiA L 0.00 1 33 44 51 54 63 73

1sdiA L 0.00 6 83 101 105 122 128 145

1sedA R 1.00 5 69 78 85 95 101 112

1sigA L 0.00 4 138 148 187 190 214 236

1sigA L 0.00 2 313 320 327 332 334 351

1sigA L 0.00 8 384 393 406 418 427 445

1sj7A L 0.07 28 492 512 526 560 570 600

1sknP R 1.00 15 474 479 482 491 496 516

1swxA L 0.00 1 20 34 43 62 70 81

1swxA R 1.00 23 43 62 70 81 90 113

1szhA L 0.00 13 22 32 38 47 59 73

1t3wA L 0.00 2 462 466 482 494 500 505

1t3wA R 1.00 5 448 460 462 466 482 494

1t3wA R 1.00 1 544 547 550 558 565 577

1t5jA L 0.00 4 2 24 30 36 61 71

1t5jA L 0.00 3 123 126 128 134 139 153

1t5jA R 1.00 17 128 134 139 153 157 174

1t5jA R 1.00 4 157 174 180 191 195 205

1t5jA R 1.00 4 195 205 210 217 225 235

1t5jA R 1.00 1 210 217 225 235 240 248

1t5jA R 1.00 14 225 235 240 248 254 269

1t8kA R 1.00 12 3 15 28 31 36 49

1tadA L 0.00 2 59 87 94 109 117 128

1tadA R 1.00 4 117 128 130 137 148 153

1tadA R 1.00 1 148 153 155 158 167 172

1tbaA L 0.00 6 21 25 51 57 64 68

1td6A L 0.00 8 201 217 222 238 249 262

1td6A L 0.00 4 222 238 249 262 272 280

1td6A L 0.20 5 156 168 201 217 222 238

1td6A R 1.00 3 39 56 60 72 78 99

1td6A R 1.00 1 108 117 123 130 139 149

1td6A R 1.00 9 123 130 139 149 156 168

1tf5A R 1.00 7 624 641 657 665 681 702

1tkvA R 1.00 3 51 59 63 72 74 87

1tm9A L 0.17 6 6 15 21 31 44 49

PDB

code/chain R/L frac R Contacts Helix 1 Helix 2 Helix 3

Helix residue ranges
PDBcode/chainR/L frac R Contacts

1a26A R 1.00 14 703 721 726 739 755 778

1a9xA R 1.00 6 420 429 433 445 449 456

1a9xA R 1.00 7 433 445 449 456 460 479

1a9xA R 1.00 8 460 479 486 494 499 506

1a9xA R 1.00 1 486 494 499 506 510 519

1aa7A R 0.89 28 109 117 121 132 140 157

1aa7A R 1.00 3 19 33 39 47 54 67

1aa7A R 1.00 1 39 47 54 67 78 83

1aa7A R 1.00 18 90 105 109 117 121 132

1abvA L 0.00 3 23 39 41 47 53 64

1adtA L 0.00 4 180 194 200 203 212 224

1aepA L 0.00 9 34 65 69 86 94 121

1aepA R 1.00 2 69 86 94 121 126 129

1aepA R 1.00 1 94 121 126 129 131 154

1af7A R 0.80 5 47 61 66 75 80 88

1agrE R 1.00 2 53 61 63 68 70 82

1ah7A L 0.00 3 13 27 34 42 44 54

1ah7A L 0.00 6 187 190 193 204 206 241

1ah7A L 0.10 10 106 124 141 151 172 185

1ailA R 0.86 29 3 24 30 50 54 69

1aorA L 0.00 1 237 240 243 253 274 280

1aorA L 0.00 1 274 280 312 317 327 340

1aorA L 0.00 6 433 441 453 459 472 491

1aorA L 0.00 3 472 491 495 498 503 514

1aorA L 0.14 7 243 253 274 280 312 317

1aorA L 0.20 10 312 317 327 340 344 359

1aorA R 1.00 1 344 359 365 368 379 391

1aorA R 1.00 1 365 368 379 391 395 401

1b79A R 1.00 5 30 42 47 53 62 76

1b79A R 1.00 6 62 76 83 92 95 99

1b79A R 1.00 5 83 92 95 99 102 111

1bf5A R 1.00 17 137 179 198 247 257 286

1bf5A R 1.00 19 198 247 257 286 293 315

1bgfA L 0.00 10 50 74 77 96 98 118

1bgfA R 1.00 2 3 9 12 21 28 33

1bmtA L 0.00 5 689 694 696 709 715 737

1bouA L 0.00 1 35 43 47 55 57 63

1bouA R 1.00 2 79 84 89 99 103 109

1bvp1 R 0.90 10 2 17 27 44 55 73

1c1kA L 0.00 1 109 126 132 136 146 152

1c1kA R 1.00 3 158 166 170 177 181 196

1c75A R 1.00 6 51 54 57 66 79 90

1cktA L 0.18 11 14 29 37 49 55 74

1crkA L 0.17 6 11 14 24 28 31 38

1cshA L 0.00 4 328 340 345 364 378 384

1cshA R 1.00 6 137 151 153 160 167 193

1cshA R 1.00 9 298 310 328 340 345 364

1cukA L 0.08 12 158 170 174 183 191 200

1d2tA R 0.96 25 149 164 169 186 191 210

1d2tA R 1.00 5 72 78 80 83 93 101

1dbhA R 1.00 12 201 232 239 246 249 268

1dbhA R 1.00 6 249 268 279 288 291 302

1dbhA R 1.00 2 331 363 367 379 381 392

1dj8A L 0.14 7 29 39 52 68 74 82

1dj8A R 1.00 7 18 23 29 39 52 68

1dlwA R 1.00 1 2 6 9 25 38 52

1dnpA L 0.00 3 310 318 324 335 341 355

1dnpA R 0.88 8 204 224 238 243 248 258

1dnpA R 1.00 2 324 335 341 355 359 369

1dnpA R 1.00 10 341 355 359 369 375 386

1dnpA R 1.00 4 401 408 413 418 428 431

1dvkA L 0.00 5 106 126 133 151 157 171

1dvkA L 0.00 1 157 171 176 188 195 218

1dvkA L 0.00 9 176 188 195 218 224 245

1dvoA R 0.93 15 73 83 100 110 117 128

1e3oC R 1.00 6 6 23 27 37 44 52

1e6iA R 1.00 7 333 345 364 367 374 382

1e6iA R 1.00 2 364 367 374 382 389 406

1eciA R 0.83 6 5 11 13 20 25 35

1ecmA R 1.00 17 6 42 49 66 70 93

1ewqA L 0.00 5 376 385 406 433 479 512

1eyvA R 1.00 13 10 27 31 44 53 64

1eyvA R 1.00 7 87 101 108 122 125 138

1f5nA R 0.80 5 432 449 457 467 469 478

1f5nA R 0.90 10 457 467 469 478 484 563

1f5nA R 1.00 11 312 342 350 370 379 424

1f5nA R 1.00 8 379 424 432 449 457 467

1fpoA R 1.00 5 89 108 111 138 141 165

1fs1A R 1.00 5 114 123 126 135 137 143

1fs1B R 1.00 2 87 92 97 110 113 127

1g7dA L 0.00 5 195 212 214 229 237 249

1g7dA R 1.00 2 159 170 174 190 195 212

1g8eA R 1.00 7 4 27 29 36 40 48

1g8qA R 1.00 3 116 136 141 153 163 171

1g9lA L 0.00 12 89 93 99 106 110 124

1gaiA R 0.96 27 53 68 78 85 125 144

1gaiA R 1.00 2 78 85 125 144 153 168

1gaiA R 1.00 24 125 144 153 168 186 205

1gaiA R 1.00 6 153 168 186 205 211 224

1gaiA R 1.00 11 186 205 211 224 248 254

1gaiA R 1.00 9 248 254 272 288 318 338

1gaiA R 1.00 7 272 288 318 338 348 354

1gzsB L 0.00 1 104 132 137 151 171 183

1h1sB L 0.00 3 199 202 208 224 229 244

1h1sB L 0.00 5 208 224 229 244 253 268

1h1sB R 0.93 15 253 268 275 281 288 301

1h67A L 0.00 1 82 98 108 113 117 133

1h67A R 0.88 8 32 42 50 56 59 67

1h67A R 1.00 7 50 56 59 67 82 98

1h6oA R 1.00 11 66 91 98 110 117 133

1h6oA R 1.00 1 150 158 167 187 190 200

1h6oA R 1.00 1 167 187 190 200 214 222

1h99A L 0.00 6 119 125 127 143 150 165

1h99A R 1.00 1 91 109 119 125 127 143

1hb6A L 0.22 18 21 36 49 60 66 84

1hbnA L 0.00 4 283 289 292 295 300 321

1hbnA L 0.12 8 420 437 454 457 485 499

1hbnA L 0.16 25 367 387 389 394 402 417

1hq1A L 0.00 4 4 11 25 34 37 41

1hq1A L 0.00 5 25 34 37 41 48 57

1husA L 0.14 7 92 109 115 127 132 146

1hw1A L 0.00 19 94 119 121 131 138 156

1hw1A L 0.00 3 138 156 159 179 183 202

1hw1A L 0.00 2 159 179 183 202 205 229

1hypA R 1.00 2 12 19 25 34 37 51

1hypA R 1.00 4 25 34 37 51 56 67

1i7wA L 0.00 1 356 359 362 368 375 390

1i7wA R 0.80 5 150 160 171 180 182 189

1i7wA R 0.94 16 375 390 399 410 414 428

1i7wA R 1.00 1 171 180 182 189 192 204

1i7wA R 1.00 4 182 189 192 204 208 222

1i7wA R 1.00 5 192 204 208 222 228 233

1i7wA R 1.00 1 208 222 228 233 236 245

1i7wA R 1.00 9 236 245 249 264 269 276

1i7wA R 1.00 9 278 287 291 305 309 318

1i7wA R 1.00 3 320 330 334 337 341 348

1i7wA R 1.00 7 362 368 375 390 399 410

1i7wA R 1.00 2 399 410 414 428 432 435

1i7wA R 1.00 2 414 428 432 435 443 451

1i7wA R 1.00 2 432 435 443 451 458 471

1i7wA R 1.00 6 443 451 458 471 478 487

1i7wA R 1.00 4 478 487 490 498 504 519

1i7wA R 1.00 6 490 498 504 519 521 530

1i7wA R 1.00 1 504 519 521 530 532 547

1i7wA R 1.00 1 521 530 532 547 566 582

1i7wA R 1.00 4 532 547 566 582 584 592

1i7wA R 1.00 1 584 592 595 604 608 623

1i7wA R 1.00 7 595 604 608 623 625 634

1ijxA L 0.00 4 30 39 41 46 50 60

1ijxA L 0.00 1 41 46 50 60 77 93

1iyrA R 1.00 1 37 45 48 54 59 79

1izmA L 0.00 4 92 113 123 135 146 170

1izmA R 1.00 9 21 33 40 48 59 74

1j09A L 0.11 9 324 337 345 357 362 368

1j09A R 0.86 7 427 438 447 454 456 467

Helix 1 Helix 2 Helix 3

Helix residue rangesPDB

code/chain R/L frac R Contacts Helix 1 Helix 2 Helix 3

Helix residue ranges

                            Handedness of all 3-helix bundles                      _
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Examples of Brownian Dynamics Simulations               _

61% R, 39% L, n=431, p(R=0.50)<0.01

Database statistics of three-helix bundles show R-handed preference
Three helix bundles are defined as protein substructures containing three consecutive helices, with no intervening beta

strands, and where the first and third helix are in close contact. These are the helical analogs of beta-alpha-beta units and can
be either right- or left-handed. Three-helix bundles were extracted from the SCOP database (version 1.73), taking one
representative from each all-alpha super-family.

Three-helix units were identified in SCOP database (version 1.73) all-alpha proteins using backbone angles. The
handedness was determined by calculating a vector between contacting residues and comparing it to the axis of the middle
helix. This method rarely fails to identify the true handedness, but to be sure, we averaged the handedness value over all
contacts and kept only those cases where the handedness was unambiguously assigned.  The 499 three-helix bundles are
reported below. 61.5% are right-handed.

Each example on this list is from a different fold, and thus cannot be considered as related by homology, even remotely.
As such, they represent independent counts of three-helix bundle topology. If no energy difference existed then the counts
should partition themselves evenly, within statistical limits. The probability of getting 61.5% right-handed three-helix

L-handed βαβ RH

a) 1J9L:123-165 -- A left-handed βαβ  unit. Only about 1.5% of  all βαβ  units are left-handed.

b) 1BYS:57-87 --  A right-handed βαβ  unit.

c) A left-handed torque, generated by the Ψ angles going South on the Ramachandran plot, converts left-
handed to right-handed

Coriolis force “-” if all Ψ going South

Coriolis force “+” if all Ψ going North

R-handed βαβ

Coriolis force may explain knotted proteins                                                         _
Topological knots are rare in proteins, and the possible pathways for knot formation remains a
mystery. The existence of an intrinsically local Coriolis force provides an explanation for how
helices could burrow through a loop or roll around a terminal strand.

We studied the structure of HAEMOPHILUS INFLUENZAE METHYLTRANSFERASE (1mxi), a protein
with an overhand knot near its C-terminus.  The C-terminal helix is long and very hydrophobic.
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Hypothetical intermediate state
with helices 5 and 8 switched.

Helix 5 (green) is short and
loose. Helix 8 (blue) is
hydrophobic and long.

As helix 8 forms, the ends
twist to the left. If the loop N-

terminal to helix 8 finds its
way under the loop, it pushes

helix 5 to the left.

As helix 8 continues to fold, it
rolls against helix 5 until the

whole terminal segment
passes through.

C

10

20

30

40

50

60

70

80

90

ΔΨ 0% South 50% South 100% South
Trials 2738 1164 501
Collapsed 2540 1066 418
Helical 851 578 286
Ambiguous 456 299 131
Right-handed 124 130 107
Left-handed 271 149 48
%R-handed 31% 47% 69%

Summary of Brownian Dynamics Simulations        _
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              Extended to helical: traveling North versus South                     _

Ψ

Φ

• Coiling a rope torques the ends.
• Coiling a ball-chain doesn’t.
• Does folding a helix torque the ends?

Anyone who has ever coiled a rope knows that you have to
twist the ends to get it to coil and stay flat. Depending on which
way you twist the ends, you get either a right-handed or a left
handed rope coil, or helix. Coiling a ball-chain, on the other
hand, does not require twisting the ends since each link can pivot
to relieve accumulating torque.

The backbone of a polypeptide can pivot but does not pivot
freely. There are energy barriers in both the φ  and ψ  backbone
angles, adding resistance to bond rotation. As a result, a nature of
a polypeptide chain is perhaps more like a rope than a ball-chain.
If so, then the formation of a helix should torque the ends.

a rope

a ball-chain

Folding a helix:                                                                            _

An unfolded polypeptide exists mostly in
the upper-left corner of Ramachandran plot, the
extended (E) conformation. When folding from
extended to helical (H), the ψ angle can go
either “North” through 180°, or “South”
through 0°.

Both energy calculations and backbone
statistics (contours) show that South (red arrow)
has a lower energy barrier than North (blue
arrow).  South angle changes can be concerted
over several consecutive residues. A concerted
South pathway passes through 3-10 helix.
North cannot be concerted, as it would cause
the chain to cross itself.

H

E

How torque from helix formation can manifest in superhelical right-handedness:                                _

Funding from 

DBI-0448072

It is not hard to imagine how applying torque to the
C-terminal helix could cause it to tunnel through the
4-5 crossover loop (which contains a single turn of
helix). The C-terminal helix (blue) initially packs
against strand 6. Twisting clockwise as it forms, it
forces the 4-5 crossover away from the beta-sheet,
then around the forming helix to the other side, as
shown here in TOPS cartoons.

1mxi

Brownian Dynamics simulations reproduce handedness given Coriolis force                             _
Torsion space Brownian molecular dynamics simulations (Bystroff, 2001) were carried out to demonstrate the effect of  a preferred route to helix on the
superhelical handedness of a 3-part helical crossover unit such as a βαβ unit. No beta-strand specific forces were used, thus the packing of the terminal β
strands played no role in defining the handedness.

A chain of alanines, length 29, was divided five segments, B1, L1, H, L2, and B2, with segment lengths 7,3,9,3, and 7 respectively.

Each simulation was carried out in two steps:
1) COLLAPSE. The chain was initialized in an extended conformation (psi=100±10, phi=-120±10). Strands B1-L1 and L2-B2 were “collapsed” by forcing the terminal atoms to cross to the
opposite ends of the frozen H segment. A collapsed state was detected by measuring the distance and direction of the terminal atoms projected onto to the long axis of the H segment.

2) FOLD. Once collapsed, torsion angles within the H segment were unfixed and a helix was allowed to form. Energies were assigned to backbone Psi angles in H according to
Hypothesis 1: South)  the energy barrier at phi=0 is lower, or
Hypothesis 2: North)  the energy barrier at phi=180 is lower.

A high energy barrier was assigned to the phi angle, but full 360° rotations of both angles were possible and were observed.

At the end of each simulation, several values are reported: • The overall handedness : Right, Left or ambiguous.
 • The percent of Psi angles in H that went South versus North.
 • Collapsed status: Collapsed or Not Collapsed.

• Status of the H segment: Helical or Not Helical.

Result:                                                              _
Hypothesis 1: South)  61% R-handed (n=155)
Hypothesis 2: North)  39% R-handed (n=395)

Probability either of these results could be the
result of chance, p=0.01

HB1 B2L1 L2

How Coriolis force might form a knot in 1mxi                  _

bundles by chance, given the null model of equally likely right and left-handed forms, was determined using
the resampling method to be p=0.0001.

A crossover unit such as a βαβ 
unit in proteins may be right-handed
(helix direction aligns with the fingers
of the right hand when the thumb is
plaved along the contacts between the
terminal groups) or left-handed.

If the non-local contacts form
before the helix is fully folded, and if
the helix formation produces a
clockwise (negative) torque on the
ends, then the resulting rotation will
pull apart contacts in a left-handed
crossover, but it will push together
contacts in  a right-handed crossover.

(a) (b)

(c)


