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Application to 3D structure modeling of cysteine-rich proteins

Supplementary Figure S2 presents a scatter plot of the TM-score and RMSD of
QUARK with Cyscon versus that without Cyscon predictions for the 158 proteins.
We can see that most models are improved in terms of both TM-score and RMSD.
For the criterion of TM-score (RMSD), 117 (126) out of 158 proteins have better
results with the connectivity pattern restraints, which indicates that Cyscon
predictions can guide the modeling of disulfide-rich proteins.

In supplementary Figure S3, we present the TM-score and RMSD improvements
versus the difference in the number of the disulfide bonds satisfied by the QUARK
and QUARK-Cyscon models, 1.e. (Npuod-Nori)/Npre, Where Nyoq and N,,; are the number
of disulfide bonds satisfied in the QUARK-Cyscon and the original QUARK models,
respectively; and N, is the predicted number of disulfide bonds in the sequence. It is
clear that the model quality improves as the number of satisfied disulfide bonds
increases. This demonstrates that the integration of the Cyscon bond prediction
directly contributed to the 3D model improvement of the QUARK modeling.



Table S1. Benchmark datasets used to build and assess the prediction model

Dataset B=2 B=3 B=4 B=5 B>5 B=2~5
SPX * numpP ° 160 165 65 38 36 428
numB ¢ 320 495 260 190 250 1265
PDBCYS numpP ° 100 85 41 37 51 263
numB ¢ 200 255 164 185 379 804

* Training dataset of Cyscon prediction model.
® Number of proteins.
¢ Number of disulfide bonds.



Table S2. Detailed results of structure modeling of 158 proteins by QUARK with or without
disulfide bonds predicted by Cyscon as restraints

PDBID nA*® TM-Q” RMSD-Q° TM-C?! RMSD-C* nB' nB-Q® nB-C"

lahoA 64 0.358 8.0 0.323 8.1 4 0 4
lajjA 37 0.314 7.4 0.430 3.5 3 1 3
1bOWA 91 0.242 12.1 0.273 12.1 5 2 5
IbteA 92 0.337 7.5 0.273 10.1 5 4 5
1bx7A 51 0.270 10.9 0.321 10.3 5 2 5
lelvl 32 0.192 52 0.185 7.1 3 1 3
1d0dA 60 0.279 9.6 0.235 9.4 3 1 3
1d0dB 58 0.245 9.1 0.286 7.4 3 1 3
1dtdB 61 0.273 11.3 0.406 4.8 4 1 4
leaiC 61 0.243 11.3 0.254 9.3 5 1 4
ledmB 39 0.494 3.5 0.509 3.7 3 2 3
len2A 85 0.257 8.8 0.280 9.1 8 3 7
lezgA 82 0.183 11.6 0.204 11.1 8 6 7
1fd3A 41 0.342 8.0 0.318 7.4 3 1 3
1fkSA 93 0.636 3.7 0.632 3.6 4 4 4
1flel 47 0.171 9.4 0.174 10.5 4 2 4
itV 95 0.218 12.6 0.225 11.8 3 0 3
1g6xA 58 0.249 9.4 0.269 7.7 3 1 3
1h59A 54 0.401 5.6 0.416 5.7 3 2 3
1hohl 30 0.309 7.8 0.297 7.3 3 2 3
lhial 48 0.251 10.5 0.296 8.9 5 2 4
lhypA 75 0.491 4.1 0.577 34 4 2 4
1i71A 83 0.221 13.5 0.248 11.1 3 0 3
licfl 65 0.416 53 0.394 53 3 2 3
1jk4A 79 0.253 10.8 0.280 8.0 7 2 5
1kliL 61 0.204 11.2 0.296 10.8 3 1 3
1kp6A 79 0.324 9.0 0.260 10.9 4 2 3
110sA 87 0.205 11.1 0.252 10.2 4 2 4
11pbA 85 0.171 11.8 0.219 11.9 5 0 5
1Ir7A 73 0.273 12.3 0.282 11.2 5 2 5
11lu0A 29 0.157 7.9 0.267 7.1 3 1 3
ImoxC 49 0.352 10.1 0.460 6.0 3 1 3
ImwpA 96 0.314 12.9 0.300 11.4 3 1 3
In69A 78 0.364 11.3 0.564 34 3 1 3
locOB 37 0.213 8.0 0.227 6.6 4 2 4
1p9gA 40 0.206 6.7 0.508 2.9 5 2 4
1q9bA 43 0.433 3.6 0.393 4.5 4 3 4
1r0rI 51 0.261 8.2 0.291 8.2 3 0 3
IrfxA 89 0.225 17.0 0.261 17.8 5 1 5




1tejA 62 0.188 12.3 0.180 9.8 4 2 4
ItgrA 52 0.443 3.7 0.458 34 3 3 3
Itgsl 55 0.278 7.2 0.354 5.2 3 2 3
1tukA 67 0.323 10.7 0.422 4.0 4 1 4
luoyA 64 0.312 6.7 0.366 6.1 4 1 4
1v6pA 62 0.239 10.8 0.281 10.3 4 3 4
1wqjB 80 0.208 11.6 0.228 11.2 6 0 6
Iwqjl 62 0.365 7.4 0.439 7.4 3 3 3
IxulR 38 0.206 7.9 0.189 8.5 3 1 3
Ixu2R 36 0.193 7.7 0.182 8.0 3 1 3
1zlhB 74 0.202 12.5 0.209 9.8 6 1 5
1zmiA 28 0.301 6.4 0.378 5.7 3 2 3
lzmmA 31 0.359 7.4 0.380 5.2 3 1 3
1zr0B 59 0.254 10.8 0.314 7.3 3 0 3
1zt3A 80 0.389 6.7 0.406 5.5 3 2 3
2aibA 98 0.338 13.0 0.358 7.0 3 0 2
2b97A 70 0.265 9.8 0.357 9.2 4 1 4
2cg7A 90 0.202 15.6 0.247 15.2 4 2 4
2dspB 91 0.215 12.4 0.231 11.8 6 0 5
2dspl 57 0.284 11.3 0.425 6.0 3 1 3
2erlA 40 0.270 8.4 0.279 9.1 3 1 2
2erwA 53 0.272 9.3 0.273 7.7 3 1 3
213cl 46 0.297 8.9 0.308 7.8 3 1 3
2fcwB 78 0.254 9.5 0.303 10.0 6 0 5
2fkIA 64 0.321 6.2 0.323 6.0 3 1 3
2fmaA 59 0.348 6.6 0.354 5.8 3 1 3
2g811 56 0.217 11.0 0.272 6.0 7 4 6
2h5fA 75 0.285 11.6 0.253 10.5 5 1 5
2h7zA 75 0.247 12.4 0.260 13.3 5 0 4
2h7zB 77 0.263 12.5 0.294 11.9 5 1 4
2h9eC 52 0.235 10.3 0.263 9.5 3 0 3
2hIrA 67 0.193 10.2 0.211 11.1 5 0 4
2ijol 56 0.243 9.1 0.264 7.1 3 0 3
2ilnl 53 0.199 12.5 0.208 7.6 6 4 5
2j8bA 78 0.386 6.0 0.387 5.5 5 3 5
2nlsA 36 0.197 7.6 0.201 7.8 3 1 3
2o0ttX 94 0.295 11.2 0.333 8.7 4 1 4
2p28A 96 0.201 16.0 0.280 12.1 3 1 3
2posA 94 0.362 11.3 0.518 4.9 3 0 3
2pws8I 61 0.240 15.9 0.264 14.9 3 1 3
2qskA 95 0.220 13.6 0.242 10.1 5 2 5
21jiA 84 0.317 9.5 0.596 9.4 4 0 4
2rknA 77 0.290 11.1 0.453 4.6 4 3 4




2rkyA 90 0.236 12.0 0.273 13.0 4 2 4
2rkzA 89 0.275 15.8 0.258 12.7 4 1 3
2uuyB 52 0.231 9.6 0.297 7.8 4 2 4
2v33A 91 0.212 13.2 0.227 10.4 3 1 2
2vugl 33 0.541 5.6 0.538 2.0 3 2 3
2w8xA 72 0.232 12.8 0.236 11.9 4 0 4
2xdgA 89 0.232 12.3 0.355 9.1 3 1 3
2xttA 35 0.579 6.5 0.551 53 3 2 3
2y5fL 54 0.276 9.5 0.267 8.3 3 1 3
27711 50 0.196 11.0 0.198 10.6 4 3 4
3bg4D 46 0.264 10.8 0.277 8.8 5 0 5
3bpsE 41 0.317 7.8 0.244 5.6 3 1 3
3bgpA 80 0.613 33 0.622 3.2 3 3 3
3bt2B 40 0.228 7.9 0.233 7.9 4 2 4
3bt4A 85 0.162 11.6 0.198 10.2 6 2 5
3c05A 59 0.194 9.6 0.198 10.7 4 0 4
3c05B 59 0.236 10.7 0.165 10.7 4 2 4
3ca7A 50 0.263 8.9 0.289 8.9 3 1 3
3e4hA 29 0.291 6.0 0.226 5.8 3 3 3
3e7rL 40 0.312 6.8 0.361 4.8 3 1 3
3e8yX 30 0.162 10.9 0.242 9.8 3 0 3
3ejhA 93 0.337 12.8 0.337 14.2 4 3 3
3fjuB 65 0.209 10.3 0.311 8.1 5 0 5
3fprA 85 0.279 10.9 0.245 8.3 4 0 4
3h0tC 22 0.119 7.2 0.101 5.1 4 1 3
3i5wA 32 0.194 7.5 0.240 6.4 3 1 3
3iolA 100 0.304 13.7 0.360 11.0 3 0 3
3ix0A 87 0.239 12.4 0.256 11.4 5 2 4
3k9xA 86 0.224 12.7 0.363 13.9 6 4 5
3kl6B 50 0.229 8.0 0.269 7.6 3 1 3
3n44A 54 0.362 8.3 0.371 10.1 3 2 3
3n7sC 91 0.545 7.0 0.597 6.0 3 1 3
3nggA 46 0.206 8.9 0.230 6.6 4 2 4
3nirA 48 0.351 9.4 0.378 5.6 3 1 3
3odvA 38 0.324 6.9 0.314 8.8 3 0 3
30p8A 85 0.253 12.8 0.202 11.5 3 0 3
3psmA 47 0.220 9.4 0.245 8.7 4 2 4
3q8jA 36 0.166 7.6 0.183 7.4 3 0 3
3qteA 32 0.166 8.0 0.572 1.9 3 1 3
3ru4B 61 0.193 9.2 0.186 11.4 7 3 7
3s64A 81 0.444 8.7 0.668 2.9 3 0 3
3tvjl 35 0.485 3.0 0.521 2.6 3 3 3
3uljE 56 0.241 8.9 0.267 7.1 3 0 3




3uciA 72 0.180 13.6 0.213 11.7 6 3 6
3zrzA 89 0.267 15.7 0.212 15.3 4 2 4
3zxcA 71 0.225 9.6 0.195 11.5 6 2 5
3zz0A 93 0.255 11.9 0.225 11.4 5 1 4
4a94C 51 0.299 8.4 0.405 4.3 3 1 3
4aorD 34 0.173 7.7 0.254 6.4 3 2 3
4ay9A 88 0.195 16.5 0.175 11.8 5 1 4
4bdxA 83 0.375 7.4 0.391 6.2 5 4 4
4bfhA 30 0.137 10.3 0.245 5.2 3 0 3
4bnrl 59 0.248 9.6 0.281 7.4 3 1 3
4bqdA 78 0.218 10.3 0.246 9.4 3 2 3
4bvwA 79 0.310 9.2 0.235 10.2 3 0 3
4cpal 37 0.152 8.2 0.159 7.8 3 2 2
4gi3C 57 0.256 9.6 0.300 9.0 4 0 3
4guxD 34 0.269 7.4 0.268 6.9 3 2 3
4gv5A 42 0.264 8.8 0.244 8.3 3 1 3
4gvbA 77 0.342 8.3 0.257 9.9 4 1 3
4gvbB 74 0.273 10.3 0.262 10.3 3 2 3
4hcsA 67 0.441 9.2 0.437 8.5 3 2 3
4he7A 53 0.248 9.4 0.215 8.2 4 2 4
4160A 68 0.286 13.5 0.676 3.5 3 0 3
4kt1E 90 0.204 11.5 0.230 12.4 7 3 4
41fsA 35 0.227 11.7 0.229 6.1 3 0 2
41ftA 64 0.187 11.7 0.274 7.2 5 0 4
4ndsA 94 0.293 15.3 0.304 10.3 3 0 3
4oijA 71 0.343 11.6 0.468 8.1 3 0 2
4ozkA 49 0.200 10.7 0.202 9.4 3 1 3
4p39A 69 0.531 10.8 0.597 10.8 3 3 3
4p3aA 70 0.573 3.2 0.676 2.5 3 2 3
4sgbl 51 0.277 8.8 0.243 7.3 4 1 4
4ttnA 29 0.291 52 0.233 6.8 3 3 3
4uShA 85 0.320 9.6 0.487 5.2 5 2 5
4wp4A 43 0.427 3.5 0.386 4.4 4 4 4

# Number of amino acids.

® TM-score of QUARK prediction without Cyscon predictions.
¢ RMSD (A) of QUARK prediction without Cyscon predictions.

4 TM-score of QUARK prediction with Cyscon predictions.
¢ RMSD (A) of QUARK prediction with Cyscon predictions.

" Number of disulfide bonds in protein sequence.

£ Number of disulfide bonds in original QUARK model.
" Number of disulfide bonds in modified QUARK model.



Table S3. Performance evaluation on the SPX dataset with different sequence identity thresholds

B=2 B=3 B=4 B=5 B=2~5
Method

Op Oc Op Oc Op QOc QOp QOc O OQOc
SVR+OR (SPX) 15* 72.8 728 61.1 70.0 443 578 115 452 59.1 64.7
SVR+OR (SPX)20* 741 74.1 63.7 723 471 595 19.0 507 613 670
SVR+OR (SPX)25°* 75.8 758 648 733 567 667 364 624 654 712
SVR+OR (bDD) 15 b 733 733 620 708 455 580 19.8 521 60.5 659
SVR+OR (bDD) 20 b 780 78.0 63.1 72.1 543 667 23.6 541 64.1 69.7
SVR+OR (bDD) 25 b 770 77.0 678 756 554 702 363 619 663 729
SVR+OR (bDD) 30 b 809 809 747 80.6 615 739 376 629 718 77.0

* Confident bond detections were derived from 10-fold cross-validation at the different identity levels (15%, 20%

and 25%).

® Annotated bDD database was used as the searching pool and the searched sequence shares no more than the

certain identities with the query sequence (15%, 20%, 25% and 30%).



Table S4. Performance evaluation on the PDBCYS dataset with different sequence identity

thresholds
B=2 B=3 B=4 B=5 B=2~5
Method

Op QOc QOp Oc Op QOc QOp 0Oc 0O OQOc
SVR+ OR (PDBCYS) 15* 80.4 804 551 642 546 67.7 314 507 60.7 66.0
SVR+ OR (PDBCYS)20* 829 829 581 669 542 674 402 594 63.7 692
SVR+ OR (PDBCYS)25* 834 834 616 693 556 684 392 59.0 653 704
SVR+ OR (bDD) 15 b 83.1 83.1 604 693 528 664 343 53.6 63.1 68.6
SVR+ OR (bDD) 20 b 83.5 835 685 758 542 67.0 431 623 672 72.7
SVR+ OR (bDD) 25 b 84.4 844 765 825 574 69.6 554 699 723 77.0
SVR+ OR (bDD) 30 b 87.9 879 828 862 593 70.5 559 719 76.1 79.8

* Confident bond detections were derived from 20-fold cross-validation at the different identity levels (15%, 20%

and 25%).

® Annotated bDD database was used as the searching pool and the searched sequence shares no more than the

certain identities with the query sequence (15%, 20%, 25% and 30%).



Table S5. Bond-based coverage of confident bond detector at the different sequence identity
thresholds

Identity SPX (%) PDBCYS (%)
cvis® 5.9 10.6
cv20* 12.6 21.6
cv2s® 25.5 26.7
bDD 15" 8.4 11.7
bDD 20 " 23.6 25.9
bDD 25" 36.0 35.4
* Confident bond detections were derived from cross-validation at the different identity levels (15%, 20% and

25%).
® Annotated bDD database was used as the searching pool and the searched sequence shares no more than the

certain identities with the query sequence (15%, 20% and 25%).



Table S6. Performance evaluation after the sequences with known structures are removed from
the bDD pool.

B=2 B=3 B=4 B=5 B=2~5
Dataset
Or Oc Op Oc Or Oc Op Oc Op Oc
SPX (bDD’) * 740 740 628 712 533 668 276 582 629 695
SPX (bDD) b 77.0 770 67.8 756 554 702 363 619 663 729

PDBCYS (bDD’)*  79.1 79.1 659 732 56.0 689 46.1 66.7 659 724
PDBCYS (bDD) " 844 844 765 825 574 696 554 699 723 770

* A small bDD’ was used, which contains 1,355 sequences, where 2,121 protein sequences with known 3D
structures are removed from the original bDD.

L\ large bDD was used, which contains 3,476 sequences. Refer to the text for details.
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Figure S1. The number of the disulfide connectivity patterns (combinations of all possible bonds)
is an exponential function of the number of disulfide bonds.
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Figure S2. Comparison of TM-score and RMSD between original QUARK and modified
QUARK simulations by the Cyscon prediction.
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Figure. S3 The correlation of TM-score (RMSD) change (ATM-score =
TM-scorenod-TM-score,rig) and the difference in satisfaction rate between original QUARK and
modified QUARK by Cyscon prediction. N,,,; and N,,; are the number of satisfied bonds in the
modified and original model, respectively, and N, is the predicted number of bonds in the

sequence.
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