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S1. Performances of PLM-CS and comparisons with SHIFTX2

Table 1. RMSE values of PLM-CS on each sample in the SHIFTX test set

Index BMRB id Ca CB C Ha H N

1. 4032 1.3057 1.4206 0.7849 0.1502 0.2607 2.6560
2. 6338 1.3748 1.4334 1.0547 03719 0.4657 3.2506
3. 4834 1.2695 1.4089 1.2216 0.3576 0.5503 3.3278
4. 6597 1.0587 0.8918 0.9028 0.2585 0.3743 3.5523
5. 6709 0.8799 1.6989 0.8105 0.2635 0.2575 2.6148
6. 6344 1.4954 1.6251 1.3704 0.3859 0.6324 3.5007
7. 6457 03752 0.2626 0.7073 0.0623  0.0706 0.7952
8. 4053 0.6003 0.7738 0.6549 0.2185 0.1806 0.8836
9. 6292 1.2592  1.3889 1.2312 0.3407 0.4999 3.0068
10. 6198 1.0480 0.8234 0.9317 0.2432 0.3466 2.5922
11. 6114 1.4098 1.1206 1.2831 0.3612 0.6165 3.1255
12. 6635 1.0526 0.8744 0.7477 03678 0.3547 2.0694
13. 6223 1.7197 13686 1.5583 0.3808 0.7882 3.4581
14. 15757 1.5683 1.7077 1.3953 0.3632 0.6454 3.7687
15. 16173 1.4076  1.7190 1.4546 0.6115 0.6351 3.8685
16. 7322 0.8286 0.7277 0.6618 0.3035 0.3333 1.6191
17. 15517 0.9587 1.4983 09483 0.2785 0.2564 1.4793
18. 4879 1.4815 1.6144 1.0557 0.4040 0.5598 3.7331
19. 15249 0.8637 0.9944 1.0564 0.1967 0.3979 2.6809
20. 6252 0.9219 0.8839 0.8914 0.2106 0.3244 2.4441
21. 15243 1.5107 1.6008 1.2892 0.3541 0.5779 3.4433
22. 7114 0.5005 0.4227 02712 0.2575 0.1671 0.7966
23. 16007 1.3442 18034 1.2709 03705 0.5813 3.6644
24. 15089 1.3235 0.8517 1.1591 0.3004 0.5004 2.3813
25. 4113 1.1797 12621 1.2449 03141 0.5134 3.2885
26. 15281 1.2996 1.2232 1.0984 03343 0.5031 2.6794
27. 15530 1.1643 1.2736 1.0514 0.3313 0.5100 3.1613
28. 7055 1.2772  1.2324 1.3773 03807 0.5538 2.9512
29. 4300 0.2942  0.2577 \ 0.0917 0.2596 1.6957
30. 6357 0.6188 0.9233 0.4519 \ 0.0809 0.9822
31. 6197 0.9094 1.2132 1.1845 0.2628 0.5320 2.7558
32. 4047 1.0663 09164 1.1029 0.3323 0.3700 2.5155
33. 4149 1.3829 13194 1.0934 0.4391 0.6022 2.9378
34. 6032 0.4295 0.4314 0.5178 0.1689 0.1883 0.6204
35. 6604 0.5308 0.4601 0.5312 0.2118 0.1890 1.0445
36. 5358 0.5202 \ 0.8019 0.1774 0.2825 0.8311
37. 4083 0.5101 0.9592 \ 0.0963 0.1276  0.9350
38. 6321 2.0440  3.0083 \ 03412  0.4699 2.1273
39. 6313 1.6678 09843 2.6702 03249 0.7277 3.1287
40. 6391 1.1861 1.1475 0.8630 0.3807 0.4150 3.1969
41. 6034 1.3056 1.7584 1.1943 \ 0.5945 3.9036
42. 4037 1.1974 \ 1.2400 0.3101 0.5215 3.2401
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Table 2. RMSE values of SHIFTX2 on each sample in the solution-NMR test set

Index BMRBid PDBid Ca Cp C Ha H N

L. 11468 2rsc 1.1907 1.4341 1.2614 0.3044 0.5650 3.2039
2. 11469 2rsd 1.1646  0.8741 1.3111 02633 0.4732 3.0191
3. 11471 2rse_A 0.4310 0.5126 \ 0.2941 0.3716  3.5539
4. 11471 2rse B 1.7785 1.8613 \ 0.2979 0.8812 6.2986
5. 11472 2rsf 1.0625 1.0541 0.9942 0.2693 0.5169 3.1863
6. 11473 2rsg 1.2321 1.3462 1.1791 0.4227 0.6148 3.2006
7. 11487 2rv7 0.8123 1.0624 0.8928 0.2267 0.4861 2.6361
8. 11488 2rv6 0.9557 0.9449 0.7686 0.1818 0.4483 3.0411
9. 11478 2ruy 1.3914 1.3874 1.1355 03102 0.5863 3.2430
10. 11491 2rsm 1.0836 1.0336 1.0658 0.2365 0.4530 3.1981
11. 11504 2rt5_A 0.9940 1.1209 1.0171 0.2835 0.5241 3.2038
12. 11506 2rsv 1.4319 1.7714 1.3433 \ 0.6249  3.5822
13. 11508 2rsy_ A 1.3058 1.3877 1.1150 0.3221 0.7069 2.9389
14. 11523 2rt3 1.0503 1.0823 1.3624 0.4279 0.5412 3.1117
15. 11525 2rt6 0.8255 0.8468 1.1078 0.2053 0.5665 2.4714
16. 11530 2rts 1.1803 2.2939 1.1125 03169 0.6159 2.6369
17. 11531 2rtt 1.0695 1.4709 1.2725 0.5530 0.6575 3.9207
18. 11534 2rtx 1.1776  1.1395 1.1186 0.2491 0.5432 3.4585
19. 16045 2kbi 2.3554 3.0080 2.4287 0.2389 0.5258 2.4007
20. 16050 2kbm_B 1.3144 2.5036 1.2769 0.2294 0.5220 29112
21. 16053 2kbt 1.3019 1.5851 1.1202 0.4422 0.5556 3.3835
22. 16061 2ke5 1.2131 1.7862 1.3345 0.4027 0.5116 2.9956
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Table 3. RMSE values of PLM-CS on each entry of the solution-NMR test set

Index BMRBid Ca Cp C Ha H N
11468 1.3389 1.0532 1.2436  0.3240 0.4172 2.7307
11469 1.0773  0.9734 1.2504 0.2847 0.4137 4.1339
11471 0.6573  0.2550 \ 0.2955 0.1029 2.0747
11471 0.6573  0.2550 \ 0.2955 0.1029 2.0747
11472 1.1241 0.9321 0.9576  0.3993 0.3878 2.7841
11473 1.2522 09242 0.7818 0.4418 0.4214 2.7448
11487 1.1210 0.7632 09131 02119 0.3264 2.8089
11488 1.0728 0.7334  0.8732  0.2030 0.3641 2.8036
11478 1.1478 2.0303  1.4091 0.2498 0.2677 2.4911
11491 1.0534 0.8408 09591 02317 0.3369 2.2839
11504 1.4279 1.3518 1.3071  0.3651 0.5800 3.7609
11506 1.4456 1.4271 1.3088 \ 0.6234 3.2703
11508 1.3467 2.5815 1.0543 03217 0.4824 2.7164
11523 0.8830 0.8511 1.2445 0.2990 0.3332 2.6880
11525 14618 0.8751 1.2211 0.2314 0.5517 2.7697
11530 0.8695 2.1892 0.8334 02977 0.4014 2.2691
11531 1.5112  1.2774 1.2735 0.4918 0.6234 3.7177
11534 1.0419 0.8920 0.9913  0.2301 0.4024 2.6402
16045 22539 2.8423 24855 02637 0.5234 2.1882
16050 1.5247 2.4723 1.3668 0.2279 0.1989 2.1607
16053 0.9651 0.7000 0.7710 02477 0.2983 1.7135
16061 1.4095 27011 1.2933  0.4093 0.4981 3.3431
16066 1.3195 1.2389  1.1290  0.3695 0.5158 2.6527
16068 \ \ \ 0.3580 0.4571 \
16082 1.0752 0.8164 0.8809 0.2849 0.3651 2.5936
16091 1.1930 1.2851 \ 0.3881 0.4245 2.5803
16099 1.1601  0.9202 1.0419 0.2720 0.4108 3.0069
16098 1.3652 13318 1.1998 03413 0.5042 3.0023
16114 2.4703  2.7326 \ 0.2462 0.2364 1.6141
16117 23827 2.1672 23060 0.7435 0.8853 4.8162
16116 0.8000 0.6305 0.9692 0.1829 0.2881 2.3894
17639 1.0921 0.7836  1.2036  0.2525 0.2384 1.6244
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Table 4. RMSE values of SHIFTX2 with AlphaFold-predicted structures on the solution-NMR test set. Removed samples: BMRB
id: 16068, Ca, CB, C, N; BMRB id: 15593, C; BMRB id: 6812, Ca.

BMRB
Index d PDB id Ca Cp C Ha H N

1. 11468 2rsc 1.4933 1.0108 1.0108  0.4575 0.4575 2.4786
2. 11469 2rsd 1.1605 1.3270 1.3270  0.5148 0.5148 3.6407
3. 11471 2rse_A 0.3867 0.5579 \ 02790  0.2771 3.3812
4. 11471 2rse_B 2.1454 1.6454 \ 02942  0.5231 5.2345
5. 11472 2rsf 0.9711 0.8326 09392  0.2641 0.3744 2.6816
6. 11473 2rsg 1.1144 1.0725 1.1116 ~ 0.2973 0.4515 2.7989
7. 11487 2rv7 1.1296 1.1285 1.0962  0.2374  0.5593 3.1272
8. 11488 2rv6 1.0887 1.1340 1.0388  0.2443 0.5466 3.4669
9. 11478 2ruy 2.0417  2.4496 1.7929 02737  0.4917 3.4304
10. 11491 2rsm 0.9612 0.9411 0.7810  0.2212  0.3759 2.5952
11. 11504 2rt5_A 1.3282 0.8142  0.9055 0.1971 0.4269 3.4066
12. 11506 2rsv 1.0579 1.2506 1.1894 \ 0.5093 2.5483
13. 11508 2rsy_A 0.9683 24620  0.9895 0.2575 0.5365 2.3243
14. 11523 2rt3 1.0282 0.9273 1.3500  0.2577  0.5042 2.9809
15. 11525 2rt6 0.8441 0.6827 1.0558 02202  0.5112 2.1685
16. 11530 2rts 1.1100  2.3183 0.9855 03219  0.4984 2.8192
17. 11531 2rtt 0.8046 1.3185 1.0609  0.2809  0.3511 2.8476
18. 11534 2rtx 09184  0.8605 0.7622  0.1853 0.4372 2.8828
19. 16045 2kbi 29141 2.9661 27277  0.2208 0.5689 2.2190
20. 16050 2kbm_B 3.9673 2.5351 29922  0.4809  0.6671 5.2386
21. 16053 2kbt 33014  3.0430  2.5412  0.8294 09711 4.3343
22. 16061 2ke5 0.9465 1.5329 1.2242  0.3035 0.4526 2.4685
23. 16066 2ke9 1.0179 0.7556 09144  0.2000  0.3634 2.2576
24. 16068 2kca \ \ \ 0.2759  0.4900 \

25. 16082 2kej 1.1299 1.0213 1.0924  0.2447  0.3902 2.2872
26. 16091 2kep 1.0281 1.0240 \ 0.2768 0.3659 2.3733
27. 16099 2kex 0.9291 1.1847 1.0523 0.2017  0.3730 2.5651
28. 16098 2kew 0.8440  0.9902 1.0375 0.2931 0.4686 1.9853
29. 16114 2kdi 2.8443 2.6353 \ 0.2198 0.4191 22577
30. 16117 2kdm 1.8705 1.4760 1.7287  0.2313 0.4150 2.0023
31. 16116 2kdl 1.4661 1.3844 1.2749  0.2415 0.3983 3.3162
32. 17639 2lcz 1.4089  2.7957 1.9500  0.2425 0.3987 2.6720
33. 17643 2mwg_A 1.0104 1.3799  0.9376 \ 0.4009 2.3605
34. 17667 2114 M 0.9268 1.2604 1.5840  0.2555 0.4591 2.7121
35. 17707 2lec_A 29189  2.4957 \ 0.1931 0.4610 2.5563
36. 17723 2leq 0.8169 1.4810 1.3561 0.2501 0.4621 2.7393
37. 17711 2leh_ A 0.8598 0.9604  0.8672  0.2031 0.4001 2.1008
38. 17752 21fg 0.9242 1.1280 1.3404  0.2429  0.4465 3.1887
39. 17738 21f4 1.1887 1.3746 1.3611 0.1935 0.3779 2.1101
40. 4023 192n 1.2635 0.8114 1.7547  0.1990  0.3689 2.4340

41. 4198 1br0 0.6280 0.5168 0.4335 0.0820 0.1588 1.4240



42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.

4225
4264
4264
5467
5461
5480
5482
5498
6111
6114
6161
6173
6201
6211
6295
6800
6573
6806
6895
6829
6845
6921
6934
7053
7061
7093
7116
7125
7125
7150
7158
7178
15058
15592
15593

3grx
Ivre A
lvre D
1ri9
1lui
Isy9 A
Imjd
1k4u_S
1z2f
loga
lust
21p6
1tow
1tdp
Itve
2ggl
lyxr
2b87_B
2err A
2czn
2aqc
2196
2fek
2v31
2g35 A
2gtv
2glw
2méz A
2mé6z B
2h7d_A
2gqe
2g7p
2jms
2jy8
2lgr

2.9522
2.9522
1.3298
0.9995
0.6354
1.1655
1.0929
2.8759
1.0324
0.7516
0.8392

0.8265
1.0518
0.9278
1.0037
1.0108
1.2748
0.8923
1.4977
1.6079
0.9129
1.4564
1.1749
1.0657
0.7474
0.8558
0.8558
1.3894
1.8166
4.2385

1.0680
1.0310

\

2.1850 2.4936
2.1850 2.4936
1.2961 1.0614

1.1258

0.5836 0.6778

1.1283

1.0937 1.0153
2.4831 2.7611
0.8760 0.8992

0.7630

1.1468 0.8799

0.7735 0.8994
1.4330 3.8413
1.3600 1.3147

0.7422

0.9457 1.3056

1.2017

1.0660 1.1029
1.1761 1.4444
1.5117 1.1342
1.0456 1.1143
1.1416 1.0282

1.1639
1.2166

1.0706 1.0164

1.0245
1.0245

1.4463 1.3650
4.2017 1.9381

3.0896

0.7082 1.5343

1.1665

0.1799
0.6711
0.6711
0.2285
0.2371
0.1293
0.2450
0.2858
0.3337
0.1881
0.1510
0.3040
0.2633
0.2747
0.2696
0.2289
0.1762
0.2262
0.2540
0.3184
0.2149
0.5325
0.2577
0.2572
0.2617
0.1920
0.2293
0.2538
0.2538
0.2283
0.3245
0.2060
0.3816
0.2503
0.2362

0.4392
0.8505
0.8505
0.5063
0.4863
0.2877
0.4286
0.5387
0.4551
0.4533
0.3871
0.3455
0.3542
0.3804
0.6049
0.4020
0.3405
0.4008
0.5637
0.4725
0.5363
0.8265
0.5136
0.6719
0.3363
0.4903
0.3887
0.3676
0.3676
0.3351
0.4930
0.4454
0.5624
0.4153
0.3980

2.3282
4.8277
4.8277
2.8094
3.0128
0.8568
2.3462
2.5561
2.8534
2.8104
2.2949
2.5109
2.2710
12.3636
8.6796
1.9565
2.0696
2.2346
2.4656
2.6384
2.7955
2.5271
2.4358
3.0986
2.2955
2.2618
1.9672
1.8663
1.8663
2.5716
4.2016
2.1351
\
2.4780
2.4686

Table 5. The average NMR chemical shift for each atom type of each amino acid

Amino acid type Ca Cp C Ha H N
A 53.33 19.26 177.77 4.28 8.20 122.68
R 56.94 30.95 176.45 4,31 8.26 120.24
N 53.70 38.92 175.35 4.68 8.35 118.46
D 54.86 41.10 176.49 4.60 8.31 120.19
C 58.05 33.60 174.76 4.69 8.42 119.36
Q 56.75 29.41 176.37 4.28 8.22 119.34
E 57.52 30.24 176.98 427 8.35 120.14
G 45.57 \ 173.95 3.90 8.33 109.13




an)

56.65 30.59 175.28 4.62 8.27 119.13
61.69 38.90 175.85 4.23 8.30 121.12
55.74 42.56 177.03 435 8.24 121.45
57.11 33.04 176.71 4.28 8.20 120.52
56.27 33.30 176.24 4.42 8.27 119.57
58.27 40.23 175.49 4.65 8.40 120.10
63.49 32.06 176.74 4.40 \ 129.88
58.82 63.98 174.67 4.51 8.30 115.86
62.33 69.85 174.58 4.49 8.27 115.06
57.85 30.37 176.22 4.70 8.30 121.31
58.25 39.70 175.39 4.65 8.34 120.16
62.63 3297 175.70 4.20 8.31 120.80

—
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S2. Examples of using PLM-CS for validation of the chemical shift data

The proposed CS prediction method can be used to validate and screen chemical shift assignment results. By
inputting a protein sequence, PLM-CS predicts the chemical shift values for each residue’s backbone atoms. If
these predicted values significantly differ from the given list of chemical shift assignment results, it may indicate
potential misassignments. An example is shown in Figure S1a (BMRB id: 16068), where chemical shifts of some
Co atoms were assigned to ~170 ppm during the experiments while the predicted values should be around 62.5
ppm, indicating potential misassignments.

Another example is shown in Figure S1b, where the correlation between predicted values and experimental
assignments is lower than that of the normal case shown in Figure Slc. We also present SHIFTX2 results in
Figure S1d. Both our method and SHIFTX2 perform poorly for this protein, showing relatively large
discrepancies between the predicted values and the assignments. This poor performance may be attributed to the
nature of the protein, the hypothetical protein TA0938 from Thermoplasma acidophilum, which consists of
flexible loops, unstructured coils, and mixed secondary structures. The inherent flexibility, lack of regularity, and
complex local environments in this protein likely contribute to the difficulty in accurately predicting its chemical
shifts.

While the proposed chemical shift prediction method demonstrates robust performance for many proteins, the
challenges presented by proteins with complex structural features, such as flexible loops, unstructured coils, and
mixed secondary structures, reveal areas for further refinement. These cases highlight the intricacies involved in
accurately predicting chemical shifts under more demanding conditions. Nonetheless, the ability of our method
to handle a broad range of proteins underscores its potential as a significant contribution to the field, laying a
strong foundation for future advancements that can address these specific challenges.

These cases highlight that when using chemical shift prediction methods, it is important to recognize that
discrepancies between assigned or expected values and predicted chemical shifts can arise for several reasons.
First, such discrepancies might indicate a misalignment in the experimental data. Second, they may highlight the
presence of unstructured regions within the protein, such as flexible loops or coils. Third, the local environment
around certain residues might be unusually complex or dynamic, contributing to deviations in the predicted
values. In practice, these potential sources of discrepancy can serve as valuable diagnostic tools, guiding further
investigation into the protein’s structure and dynamics. By understanding and accounting for these factors, users
can more effectively interpret the results, leveraging the method’s strengths while also being mindful of its
limitations.
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Figure S1. Three predictions of Ca values for two examples that were excluded from the test set due to the outliers. Ca, (a) Ca validation for an
abnormal case (BMRB id: 16068); (b) Ca validation for an abnormal case (BMRB id: 6812); (c) Ca validation for a normal case (BMRB id:
11534); (d) Ca validation for an abnormal case (BMRB id: 6812, PDB id: 2FQH) using SHIFTX2.

S3. Examples of using PLM-CS for peak assignments
Figure S2 demonstrates three peak assignment examples. Figures S2a, ¢, and e show the PLM-CS predicted
Ca-CO spectra, while Figures S2b, d, and f display the corresponding experimental peak distributions. To assist

§ = (c®,c®)

in experimental peak assignments, we select a specific peak (e.g., the k-th peak ) in the

experimental data (highlighted by yellow in Figures S2b, d, and f). We then calculate the probability that a peak

in the predicted spectrum (S (Ca'CO)) corresponds to S ® as follows:

) 1 (ta - C(f))2 (CO - C((’g))2
_ (k) — o _
P(S=S )—Zno_a‘,xp 5 5
1¥2 0'1 0’2

where %1 and 22 represent the standard deviations of the predicted values Ca and CO, estimated via statistical

analysis of the test dataset. Figures S2a, c, and e use varying colors to indicate the likelihood of assignment for
each peak, highlighting the residues most likely to match the selected peak.
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Figure S2. Three examples of PLMCS predicting chemical shifts. (a) and (b) are the predicted 2D spectra and the experimental chemical shifts for
a protein with a BMRB ID 6999, respectively. The high bright spot indicated by the arrow in (b) represents a selected chemical shift pair. In (a), the

color of each point indicates the probability that they belong to the same residue as the point specified in (b), and the point pointed by the arrow is
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the one that really meets the condition. (c) and (d) BMRB id 10078. (e) and (f) BMRB id 10303.

As shown in Figure S2, PLM-CS helps narrow down the amino acids needing attention and helps researchers

in determining chemical shift assignments. In certain cases, it enables direct identification of specific chemical

shift pairs.

However, it should be noted that this peak assignment approach based on predicted chemical shifts may address
only a limited number of peaks in experimental data due to relatively high uncertainties in predictions and spectral

crowding. In future work, we aim to develop a more comprehensive approach to integrate PLM-CS prediction

results with the processing and interpretation of experimental spectra.
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S4. Detailed structures of the Transformer predictor

The Transformer predictor proposed in this work features two Transformer encoders. Before entering the
encoder, the data is projected from 1280 to 512 dimensions via a linear layer. The multi-head attention module in
the Transformer encoder is shown in Figure S3a, where 8 attention heads and a 512-dimensional attention matrix
are employed. The Feed-Forward module has the structure shown in Figure S3b, which consists of two linear
layers with a Gaussian Error Linear Unit (GELU) as the activation function.

Linear
MatMul
Scaled Dot-Product
Attention

|
Linear(2048—>512)

Q K \'A

Figure S3. (a)The architecture of multi-head attention mechanism. (b) The architecture of Feed-Forward module.



