
Molecular Modeling 2021   
lecture 4 -- Fri Feb 5

Protein folding

Local structure

Handedness



SCOP -- a hierarchy

(1) class

(2) fold

(3) superfamily

(4) family

(5) protein

(6) species

!http://scop.berkeley.edu

in
cr

ea
si

ng
 st

ru
ct

ur
al

 si
m

ila
rit

y

SCOP’s hierarchy is sequence centered



Folding -- also a hierarchy

intermediate foldedunfolded

t=0 t=1 ns t=1 ms
t = time after leaving the ribosome

More about protein folding in later lectures
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Efimov, A. V. (1997). Structural trees for protein superfamilies. Proteins: Structure, Function, and Bioinformatics, 28(2), 
241-260.

A.V.Efimov's theory of protein evolution and folding

Efimov showed that 
almost all proteins can 
be classified as being 
one of just 7 
"structural trees" In 
each tree, structures 
are "grown" by adding 
secondary structure 
elements one at a 
time. 
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Evolutionary significance? 
Folding pathway? 
Maybe it's both!

How to grow a Efimov structural tree.

common core



A classification / folding hierarchy

Secondary structure

Local structure 

Super-secondary structure

Tertiary structure

Quaternary structure

Classification
Early

Late
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Folding step 1?



About the Alpha helix
Right-handed helix. H-bond is from the oxygen at i to the 
nitrogen at i+4. α-helices have an overall dipole because the 
H-bonds are all in the same direction. Must be > 3 residues.

+ Helices are 
bumpy, not 
“cylindrical”.

H-bond rule for donor to acceptor (NH->O): i to i+4

di
po

le
helices 
are right-
handed
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https://web.stanford.edu/class/sbio228/public/lectures/lec2/Lecture2/The_Alpha_Helix/images/Alpha-Helix_Dipole_1.jpg

The peptide dipole make Hydrogen bonding stronger.



Sequence pattern for the 
amphipathic alpha helix

• nppnnpp, 
where n = non-polar, p = 
polar 

• Example: 
LSELFKNLQDMLSK
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Hydrophobic all on one side

The helix is held together by 
the hydrophobic effect.

Amphipathic helices stick to 
other amphipathic helices.



Parallel beta sheet

H-bonds are evenly spaced. 
H-bonds are not 90° to the chain.



Anti-parallel beta sheet

H-bonds are unevenly spaced. 
H-bonds are 90° to the chain.



Sequence patterns for beta sheet
• npnp, or nnnn , where n=non-polar, p=pola
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Charged residues (blue, 
red) mostly on the ends.

Non-polar residues 
(green, purple) mostly on 
the face.

p

n

p

n

p

n



Mathematical expressions for H-
bonding patterns
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=
multiply 
by donor

multiply by 
acceptor

add to 
donor

multiply 
by donor

multiply by 
acceptor

add to 
acceptor

next H-bond 
donor

next H-bond 
acceptor

current H-
bond donor

current H-
bond acceptor

1 0 1
0 1 1

150
146 = 149

145x

x
For example, for an alpha helix....

An H-bonding pattern can be expressed using augmented matrix.

1 0 1
1 0 -3

150
146 = 149

145x
or



Secondary structure using matrices: 
antiparallel sheet
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0 1 0

1 0 0

1

2

3

4 101

102

103

104

0 1 2
1 0 -2

Use the augmented matrices to find the next H-bond before/after 
(donor,acceptor)=(102, 3) in a antiparallel sheet

handshake

skip



Secondary structure using matrices: 
parallel sheet

16

0 1 2

1 0 0

1

2

3

4

101

102

103

104

Use the augmented matrix to find the next H-bond before/after 
(donor,acceptor)=(103, 2) in a parallel sheet

0 1 0

1 0 -2

C

N



Are beta sheets really secondary 
structure? Or tertiary structure?
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Alpha helix 
•H-bonds are local

•Side chain contacts 
are local

• folding is fast (ns)

Beta sheet 
•H-bonds are non-local

•Side chain contacts are 
non-local

• folding is slow (μs)

Early folding is local. Late folding is non-local.

Φ = -58°
Ψ = -47°

Φ = -139°
Ψ = 135°

Is early folding just a 
decision of helix 
versus not-helix?

helix

not helix

J. Richardson's Ramachandran plot
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Folding step 2?



Turns and caps

• Short pieces of protein chain sample 
conformational space randomly, driven by 
energy.


• Sequence determines structure. Non-
polar sidechains and glycines are 
especially important.


• Usually reverse the chain direction.
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beta turns

20

4-residues

Residue 1 hydrogen 
bonds to residue 4

Type I (most 
common). Oxygen 
points away when 
viewed clockwise.

Type II (less 
common). Oxygen 
points toward 
when viewed 
clockwise.



Backbone angles and sequence of 
beta turns
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ψi+1

φi+1

 φi+2

ψi+2 Backbone angles ±30°
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       position 
type \ 1 2 3 4

I P D/N/S/
T G

II P P G
VIII G/P P P

I’ G G
II’ G

Glycine rules turn propensity

http://www.ebi.ac.uk



Helix caps
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Proline C-cap

glycine N-cap

ht
tp

://
w

w
w.

cr
ys

t.b
bk

.a
c.

uk

SxxE N-cap

Schellman C-cap



Sequence patterns for turns, caps and 
secondary structure
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Bystroff C & Baker D. (1998). Prediction of local structure in proteins 
using a library of sequence-structure motifs. J Mol Biol 281, 565-77.
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Folding step 3?



β Hairpins
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Serine 
hairpin

diverging type-2 
turn

Type-I 
hairpin

Sequence patterns are expressed as log-likelihood, converted to color scale.



β sheet super-secondary 
structure.

26
wikipedia.org/wiki/Beta_sheet

meander
"greek key"

β helix (2-sided, 3-sided, left, right)



α Helical Super-Secondary Structures
• SSS contains more than one SSE. 
• beta turns and helix caps are usually 

involved. 
• Canonical ones have names.
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Coiled-coil alpha-alpha corner
Helix hairpin

www.cryst.bbk.ac.uk

EF hand

what is the handedness?



Handedness
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Right-handed helix. 
Put the thumb of the right 
hand along the axis of 
rotation.  

As you travel up the helix 
(going in the direction of your 
right thumb) the line curve in 
the direction of your fingers. 

Yes, that means you are turning 
left when you walk up a right-
handed spiral staircase, and 
right when you are walking up a 
left-handed spiral staircase. 



R-handed βαβL-handed βαβ

1.5% 98.5%

βαβ  supersecondary structure units are mostly right-handed

Super-secondary structure.αβ



Sternberg & Thornton: Twist of beta sheet makes right-
handed crossover more of a straight line.

low
high

Theories for why βαβ units are right-handed.

highlow



Richardson, PNAS, 1976:  Right-handed crossovers are trapped early in folding

Theories for why βαβ units are right-handed.



Phone Cord Effect: Northern versus Southern route to helix                   

Ψ

Φ

H

E

Cole B & Bystroff C. (2009) Alpha helical crossovers favor right-handed supersecondary structures by a kinetic trapping mechanism. The phone cord effect in protein folding. 
Protein Science 18(8) 1602 - 1608

Theories for why βαβ units are right-handed.



LH RH

left-handed torque turns left-handed βαβ  to right-
handed βαβ

Theories for why βαβ units are 
right-handed.

Cole B & Bystroff C. (2009) Alpha helical crossovers favor right-handed supersecondary structures by a kinetic trapping mechanism. The phone cord effect in protein folding. 
Protein Science 18(8) 1602 - 1608



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

Phone cord: Brownian Dynamics Simulations

http://www.youtube.com/watch?feature=player_embedded&v=6hQYjtmU6E0

south

north



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

                           3-helix bundles  are also right-handed               _

61% R, 

39% L, 

n=431, 

p(R=0.50)<0.01



36

Folding step 4?



Folding pathway is an ensemble

37

https://commons.wikimedia.org/wiki/File:ACBP_MSM_from_Folding@home.tiff

Individual chains may 
form structure in 

different orders, but all 
end up in the native 

state (or misfolded, or 
aggregated).

unfolded state

native state

intermediates
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Schonbrun, J., & Dill, K. A. (2003). Fast protein folding kinetics. Proceedings of the National Academy of Sciences, 100(22), 12678-12682.

Folding is a funnel

...with lots of energetic barriers.



Dead ends are 
misfolded 
states.

early folding
late folding

native state

Protein folding is an ensemble on a noisy funnel

Dill, K. A. (1999). Polymer principles and protein folding. Protein Science, 8(6), 1166-1180.

Garcia-Manyes, S., Dougan, L., Badilla, C. L., Brujić, J., & Fernández, J. M. (2009). Direct observation of an ensemble of 
stable collapsed states in the mechanical folding of ubiquitin. Proceedings of the National Academy of Sciences
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How to force hydrogen bonds using restraints
•  To add a restraint 

Edit | Potential | Restrain, distance,  
    Target 1.8, 1.8, Weight 50 
     Pick amide H and carbonyl O.  
     Click Create.  
Cancel | Restrain (or esc) when done 

• Energy minimize 
Compute | prepare | Structure preparation 
    Checks for missing atoms, assigns energies. 
SVL: run ‘gizmin.svl’ 
    When finished, be sure to Cancel | GizMOE_Minimizer 

• To remove or modify restraints 
Potential setup (button at far lower left)  
Restraints tab 
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Exercise 4.1
Make a beta hairpin
anti-parallel sheet with valine side chains all on the same side of the sheet. 

Edit | Build | Protein,  Geometry: anti-strand. Residue: ADVDVKVSPNGVEVKVRA 

Zoom out.  

Select the second half of the chain starting with NG.  

Rotate and translate it (shift-alt-middlemouse) so that the first three valines (3,5,7) are lined up with other there valines (12,14,16), and 
the valine backbone H-bonding groups (NH and CO) are close to the H-bonding distance (1.8Å from H to O) 

Hide side chains to help see the backbone atoms better. 

Edit | Potential | Restrain.   
Set Target 1.8, 1.8, Weight 50. Select H and O atoms. Create.  
When done you have 2 restraints for each of the three paired valines for a total of 6 restraints.   

Compute | Prepare | Structure preparation.  Hit Correct if necessary. Protonate3D. 

SVL: run 'gizmin.svl'.   

If there are errors in the restraints, Cancel/GizMOE, open Potential Setup (extreme lower left of the MOE window). Restraints. Click on 
restraints to delete or modify them.   
Restart SVL: run 'gizmin.svl'. 

Look at out the structure.  
It should have beta pleating when viewed  from the edge of the sheet. Sidechains should alternate up and down in that view. 
Residues SPNG form a beta-turn.  

Cancel/Gizmin . Remove the restraints. Restart SVL: run 'gizmin.svl'. 

Does the structure hold together or fall apart? 
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