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1. METHODS

1.1. Molecular Dynamics Simulations. All MD simulations were carried out using the GRO-
MACS simulation package[l, 2] in explicit solvent and periodic boundary conditions. Starting
coordinates were obtained from pdb entries 1ubq and 2igd, for the proteins ubiquitin and gb3,
respectively. A truncated dodecahedral simulation box was chosen such that the water layer sepa-
rating two periodic images of the protein was at least 2 nm. All simulations were carried out using
physiological salt concentrations by applying 150 mM NaCl. Starting configurations were energy
minimized using the steepest descent algorithm. Prior to the production runs, equilibration sim-
ulations with a length of 1 ns were carried out with position restraints (k=1000 kJ mol'nm) on
the protein heavy atoms. The temperature was kept constant at 300K by coupling the system (7=
0.1 ps) to a temperature bath[3]. Likewise, the pressure was kept constant at 1 bar by coupling the
system (7= 1 ps) to a pressure bath[3]. The following all-atom force fields were used: opls/aa-1[4],
amber99sb[5] and amber03[6, 7], charmm-22[8], gromos96-43al and gromos96-53a6[9]. Sim-
ulation parameters were chosen to closely match the setup in which the force field parameters
were developed, respectively. For the gromos96 simulations marked ““cutoff” a reaction field with
e = 54 was applied beyond a cutoff of 14 A, for the opls/aa “cutoff” simulations a straight cut-off
of 14 A was chosen, and for the charmm “cutoff” simulations a shift function was used between
10 and 12 A. In addition, simulations were carried out using Particle Mesh Ewald (PME) for the
calculation of electrostatic interactions[10, 11]. Cut-off radii for van der Waals interactions were
set to 14 A, except for the simulations using the charmm force field, where a shift function was
used between 10 and 12 A. In the 296 simulations the SPC water model[12] was applied. For the
simulations carried out in the charmm-22, amber99sb and amber03 force fields, TIP3P[13] was
used as water model. The opls/aa simulations were carried out using TIP4P[13] as water model.
Lincs[14] was used to constrain bond-lengths, allowing a time step of 2 fs. Structures were stored
every 1ns and superimposed via least squares fit of their backbone atoms to the crystal structure
lubq and 2igd, respectively. Flexible tails (residues 71-76 and residues 1-5 for ubiquitin and gb3,
respectively) were excluded from this fit.

1.2. Computation of residual dipolar couplings. Residual dipolar couplings were computed
from the least squares fitted MD ensembles with snapshots every 1ns, obtained as described
above. For each interaction vector of interest r’y (¢t) = x(X;) — x(Y}(;) and (6;, ;) denoting
its spherical coordinates, we obtain ensemble averaged 2nd rank spherical harmonics s’ (X,Y) =
(Yor, (01, 1)), , with m = —2...2. Here x(X;) denotes the position of atom X in residue i and
x(Y}()) the position of a coupled nucleus with f(i) = ¢ for atom-pairs XY =NH, C,H and
f(i) = i + 1 for atom-pairs CH, CN, CC,. The ensemble average <>, comprises either the
snapshots of the entire MD trajectory or snapshots falling into a particular window of shorter
length. The residual dipolar coupling of atom-pair X, Y}(;) in alignment mediumn € 1,..., N is
given as

(1.1) Sy (n) = nxy ()| 70 3 b (XY

m=—2...2

where ¢ denotes the alignment tensor[15]. For each alignment medium n usually a large (>
5) number of couplings are available, and the five parameters ¢, are obtained by singular value
decomposition of the over determined system of equations (Eq. 1.1)[16].
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The residual dipolar coupling data used for ubiquitin has been taken from Ref. [17] and for gb3
from Ref. [18]. The amount of data available for the various atom-pairs varies greatly. Supple-
ment Figure S1 shows, however, that the particular selection of certain sets of atom-pairs doesn’t
change the conclusion, i.e., the relative differences between force fields. We carried out all subse-
quent analyses on atom-pairs N H,C'H, and NC, for which a reasonable number of couplings are
available for both proteins.

R-values were computed individually,

- 1/2
RX = ZZL (Xk,calc - Xk,exp)2 / 2 Z Xl%,exp )
k

for every data class X with ny data points and subsequently averaged[19]. Here, a data-class com-
prises all couplings between the same types of nuclei determined in the same alignment medium.

2. RESULTS

2.1. Molecular Surface. We computed the solvent accessible surface with a spherical probe of
radius 0.14nm for all MD snapshots. The surface areas generated by the various force-fields are
more consistent with each other than the other observables discussed in the main text. However,
as shown in supplement Figure S11 some systematic outliers can be found. As one extreme,
structures generated with the g96_43al force-field have a significantly smaller molecular surface
for both proteins. The opposite is the case for force-fields charmm?22 and opls/aa if combined
with cutoff electrostatics which have a strong tendency towards structures with larger molecular
surfaces.
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TABLE S1. At the end of the supplement we attached tables with deviation from
experimental[20, 21] 3*.J couplings across hydrogen bonds in the various simula-
tion protocols for ubiquitin and gb3.
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FIGURE S1. Comparison of Rrpc computed for different combinations of nuclei.
All dipolar couplings present in the data set (blue) are NH, NC, CH, CaC, CaCb and
side-chain methyl groups. In Ref. [22] the free Rrpc was computed over the NC
couplings after fitting of the alignment tensor via all couplings except the NC. This
particular value is computed here for all MD trajectories (yellow). Rrpc computed
over all NH, NC, and CH couplings(green). Rrpc computed over NH-couplings,

only (purple).
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FIGURE S2. Time resolved Rrpc for MD simulations in selected force-fields that
are “reset” every 50ns. For comparison, the corresponding full-length 1 us trajec-
tories are plotted as dotted lines in the same color with less intensity.
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FIGURE S3. Overview of analysis of 3".Jy¢ across hydrogen bond couplings. The
bar plot shows R’ for various force-fields and simulation protocols for protein
gb3 and ubiquitin. The values labelled as “reference” is 2igd (blue) and ligd (red)
for gb3 and 2k39 (yellow) for ubiquitin, respectively.
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FIGURE S4. Comparison of 3", couplings accross hydrogen bonds for proteins
ubiquitin (left) and gb3 (right) with couplings backcalculated from MD simulations
carried out with force-fields charmm?22 (a,d), g96_43al (b,e) and g96_53a6 (c.f).
The same plot for the remaining simulations is shown in main-text Figure 4.
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FIGURE S5. Comparison of 3", couplings accross hydrogen bonds for proteins
ubiquitin (left) and gb3 (right) with couplings backcalculated from MD simulations
carried out with force-fields amber03 (a,d), amber99sb (b,e) and opls/aa (c,f) that
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FIGURE S8. Principal component analysis (PCA) of the MD simulation of ubig-
uitin with force-field g96_53a6 and cutoff electrostatics (this plot complements the
panels in Fig. 6 of the main text). PCA is carried out over the combined set of struc-
tures taken from the 2k39 (black) ensemble and the g96_53a6 (colored) ensemble.
The coloring is consistent with that of Fig. 6 with blue for the lowest R3], values
and red for the highest B3, -values.
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FIGURE S9. Principal component analysis (PCA) of the MD simulation of gb3
with g96_53a6 with cutoff electrostatics (this plot complements the panels in
Fig. 7). PCA is carried out over the combined set of structures taken from the
amber99sb (black) ensemble and the g96_53a6 (colored) ensemble. The coloring is
consistent with that of Fig. 7 with blue for the lowest R}, values and red for the
highest RY}-values.
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FIGURE S10. Root mean square deviation (RMSD) in Angstrom against (apo) X-
ray structure for MD structures generated by various force-fields.



—— gb3_amber03
gb3_amberg9sh
——gb3_opls_pme
——gb3_charmm22_pme
——gb3_g96_43al_pme
gb3_g96_53a6_pme
—— gb3_opls_cutoff
- = - gh3_charmm22_cutoff
b3_g96_43al cutoff | ¢ .
b3_g96_53a6_cutoff
gb3_amber03_50ns
- - -gb3_amber99sh_S0ns
gb3_opls_pme_50ns

o
iy
I

o
N

o
=}

IS
@

molecular surface (nm?)
B B S S
8 8 R 8§

%)
@

62 T T T T T T
—— ubi_amber03
ubi_amberggsh
60} —— ubi_opls_pme i
—— ubi_charmm22_pme
—— ubi_g96_43a1_pme
ubi_g96_53a6_pme i
58| —— uoi_opis_eutof
|| = - ~ubicharmm22_cutoft
£ 56| bi_g96_43al_cutoff il
5 bi_g96_53a6_cutoff
b ~ = - ubi_amber03_50ns PN T
S - - - ubi_amber99sb_50ns . (PRI ol
& 54 ubi_opls_pme_50ns. ’ . ‘.
H
?
g 52
=
3
S 50
13

IS
3

L L L L L L L
100 200 300 400 500 600 700 800 900 1000
time(ns)

FIGURE S11. Total solvent accessible surface area during MD simulations of gb3
and ubiquitin (time averaged).

15



25

—— gb3_amber03

rama score

—— ubi_amber03
—— ubi_amber99sb
—— ubi_opls_pme
25{{ —— ubi_charmm22_pme g

— ubi_g96_43al_pme 0 .
ubi_g96_53a6_pme Y o -y WY GV . 2
——— ubi_opls_cutoff S \ D ) o e -
20} = = = ubi_charmm22_cutoff |1 s, T AV ¥ % ', i
= = = ubi_g96_43al_cutoff |/ ** phty S v v A
- - - ubi_g96_53a6_cutoff S N . G '\ o

o R ’ s - ;o ) <

g 15 g s > e . 4

@ " .. .

g 10 LV s 4
Sw i
OWW ]
5 I I I I I I I I I
0 100 200 300 400 500 600 700 800 900 1000

time(ns)

FIGURE S12. Quality of backbone torsions during the time course of the MD sim-
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first two principal components as shown in Fig. 5 and Fig. S18. The color codes the
ROSETTA rama score term. The upper panels refer to ubiquitin, the lower panels
to gb3.
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FIGURE S19. Time resolved NC' — Rrpc for MD simulations with various force-
fields. The residual dipolar couplings were computed from the respective MD tra-
jectory in (overlapping) windows of 50 ns length.
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FIGURE S20. Time resolved CH — Rgrpc for MD simulations with various force-
fields. The residual dipolar couplings were computed from the respective MD tra-
jectory in (overlapping) windows of 50 ns length.
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FIGURE S21. Order parameter (S?) computed for N-H bonds from ensembles
(amber(O3/amber99sb/opls/2k39/amd) and directly from the RDC data with the
structure-free GAF-Analysis (sfGAF) reported in Ref. [23]. The S? order parame-
ters from the accelerated molecular dynamics ensemble (AMD) were taken directly
from Ref. [24].
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Hydrogen

bond Amber03 Amber99sb Opls/aa Charmm27 G96_43al G96_53a6
3-15 0.0874 0.0654 0.1453 0.0731 0.0798 0.1032
4 - 65 -0.1197 0.0256 -0.2987 -0.0006 -0.0759 -0.1191
6 -67 -0.3208 -0.1175 -0.2098 -0.0095 -0.1208 -0.0067
7-11 0.0199 0.0156 -0.3577 -0.1386 -0.2648 -0.2596
13-5 -0.3546 -0.3652 -0.221 -0.248 -0.5226 -0.4633
15-3 -0.1181 -0.1081 -0.3539 -0.1562 -0.2188 -0.1357
17 -1 0.3242 0.1718 0.1398 0.0721 -0.0187 -0.1802
23 -54 -0.188 -0.1331 -0.3551 -0.2496 0.1043 -0.1898
26 - 22 0.0714 -0.1969 -0.296 -0.1502 0.0189 0.0227
27 - 23 0.0096 0.0099 -0.2518 -0.0219 0.3259 0.1508
28 - 24 -0.0333 -0.0955 -0.176 0.0281 0.0827 0.2037
29 - 25 0.1027 0.1088 -0.1548 -0.0244 0.186 0.2335
30 - 26 -0.0973 -0.0388 -0.1608 -0.1318 0.1811 0.0392
31 - 27 -0.1583 -0.1498 -0.2089 -0.0895 0.018 -0.0343
32 - 28 -0.0555 -0.1406 -0.2065 -0.0413 0.0353 0.042
33-29 -0.213 -0.1989 0.1725 0.2509 -0.0501 0.0519
34 - 30 0.155 0.1279 -0.2446 -0.3198 0.2574 0.117
35-31 -0.2591 -0.271 -0.3824 -0.3889 -0.3979 -0.3994
42 - 70 -0.2327 -0.1058 0.0516 0.0078 -0.0274 -0.0496
44 - 68 -0.036 0.0399 0.2575 0.0611 0.1388 0.135
45 - 48 -0.2845 -0.0307 0.074 -0.5199 -0.0385 0.0712
50 - 43 -0.2459 -0.117 -0.0817 -0.1588 -0.0458 -0.0315
56 - 21 -0.0945 -0.1077 -0.2299 -0.1626 0.0113 0.0175
57 - 19 -0.1176 -0.1172 -0.1357 -0.1306 -0.1096 -0.0357
64 -2 -0.1112 -0.0626 -0.3782 0.0356 -0.7664 -0.7665
65 - 62 -0.1242 -0.2077 -0.1877 -0.2329 -0.2534 -0.2573
67 -4 -0.4813 -0.2503 -0.2791 -0.0283 -0.2263 -0.1789
68 - 44 -0.2354 -0.1453 -0.0828 0.1108 -0.125 -0.0295
69 - 6 0.032 -0.1776 0.0024 0.1283 -0.0166 -0.0344
70 - 42 0.2841 -0.0357 -0.0315 0.0106 0.012 -0.0589

Caption: Deviation of J-coupling across hydrogen bond (Jexp-Jcomp) backcalculated
from PME trajectories of ubiquitin



Hydrogen

bond Opls/aa Charmm27 G96_43al G96_53a6
3-15 0.2017 0.1395 0.122 0.1301
4 - 65 -0.6078 -0.0666 -0.0968 -0.2206
6 -67 -0.1793 -0.0445 -0.1052 0.04
7-11 -0.4687 -0.1162 -0.3706 -0.2604
13-5 -0.6162 -0.2544 -0.5102 -0.357
15-3 -0.2681 -0.1039 -0.1878 -0.1193
17 -1 0.1592 0.0872 -0.1489 -0.2575
23 -54 -0.5157 -0.212 0.1788 -0.0006
26 - 22 -0.3209 -0.1711 0.0283 0.0501
27 - 23 -0.2806 0.007 0.3438 0.1921
28 - 24 -0.1926 0.0499 0.1792 0.1939
29 - 25 -0.2644 -0.033 0.1909 0.208
30 - 26 -0.2391 -0.1237 0.1642 -0.0505
31 - 27 -0.1979 -0.1056 -0.005 -0.0973
32 - 28 -0.3109 0.0192 -0.031 -0.1185
33-29 -0.1478 0.2727 -0.0485 0.017
34 - 30 -0.5318 -0.3932 0.1217 -0.1503
35-31 -0.396 -0.3744 -0.3976 -0.3923
42 - 70 -0.34 -0.3439 -0.2431 -0.1651
44 - 68 0.1141 0.0745 0.2198 0.1814
45 - 48 -0.3786 -0.482 -0.0677 -0.043
50 - 43 -0.617 -0.1883 -0.0608 -0.137
56 - 21 -0.0716 -0.1624 0.0666 0.0712
57 - 19 -0.2417 -0.1227 -0.0979 -0.0739
64 -2 -0.7795 -0.4168 -0.7781 -0.7167
65 - 62 -0.1794 -0.2478 -0.2464 -0.223
67 -4 -0.6435 -0.0386 -0.2281 -0.1712
68 - 44 -0.201 0.0453 -0.1241 -0.0305
69 -6 -0.0322 0.1427 -0.2021 0.0012
70 - 42 -0.2156 -0.1113 0.0053 0.0237

Caption: Deviation of J-coupling across hydrogen bond (Jexp-Jcomp) backcalculated
from cutoff or reaction field trajectories of ubiquitin



Hydrogen

bond Amber03 Amber99sb
8-23 0.0973 0.215
9 -55 -0.1498 -0.0485
10 - 21 -0.057 0.1091
12 -19 -0.3307 -0.0722
13 -59 -0.6129 -0.0702
14 - 17 -0.1086 -0.0364
19-12 0.0477 -0.0768
21 -10 0.1542 0.0288
23 -8 -0.0932 0.0624
25 -6 -0.0118 -0.0534
31 - 27 -0.0024 0.0597
32 - 28 -0.0907 -0.1229
33-29 0.055 0.0916
34 - 30 -0.0371 -0.0159
35-31 -0.2904 -0.1482
36 - 32 -0.1195 -0.0704
37 - 33 0.098 0.1185
38 - 34 -0.0168 -0.0027
39 - 35 0.0629 0.0356
40 - 36 -0.0373 0.0157
41 - 37 -0.33 -0.3195
42 - 38 0.1208 0.0792
43 - 40 -0.0634 -0.0546
44 - 39 0.157 0.0183
47 - 60 0.3314 0.0532
49 - 58 -0.0112 -0.0826
51 - 56 0.0624 0.0199
54 - 51 -0.1352 -0.1506
56 - 51 0.0578 0.1622
57 -9 -0.03 0.0017
58 - 49 -0.1157 -0.105
59 - 11 -0.2569 0.0281
60 - 47 -0.2162 -0.1379
61 -13 -0.2683 -0.1123

Opls/aa
0.1965
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1695

-0.2409

-0.
0.

1899
1842

-0.0212

-0.

1413

-0.0753
-0.4613

0.0053
-0.0971

-0.
-0.

1889
1063

0.0257
0.0311

-0.
-0.
0.

1049
1166
1299

0.0417
0.2324

-0.
-0.

1537
1891

-0.1858
-0.0559
-0.0468
-0.2992
-0.4406
0.0686
0.2166
0.0456
0.0303
-0.2272
0.3357
-0.0334
0.3075
0.2518
-0.023
-0.116
0.0252
0.0886
-0.0135
0.0371
-0.3689
0.1384
-0.0817
-0.239
-0.2669
-0.1904
0.226
-0.112
0.0837
-0.0179
-0.05
-0.0262
-0.3119
-0.2218

G96_53a6
0.0349
0.0774
0.0481

-0.2131
-0.1727
0.1687
0.254
0.112
0.1105
-0.1295
0.3303
-0.041
0.3332
0.2318
-0.1127
-0.1671
0.0641
-0.0653
-0.151
-0.2486
-0.5536
-0.1571
-0.1013
-0.3135
-0.0592
-0.1866
0.1718
-0.1094
0.0713
0.043
-0.0662
0.1813
-0.3291
-0.1084

Caption: Deviation of J-coupling across hydrogen bond (Jexp-Jcomp) backcalculated
from PME trajectories of GB3



Hydrogen

bond Opls/aa Charmm27 G96_43al G96_53a6
8-23 0.1166 0.207 -0.4012 0.1039
9 -55 -0.2564 0.0357 -0.2672 0.2748
10 - 21 -0.2644 0.1536 -0.1524 -0.1518
12 -19 -0.2472 -0.3269 -0.3166 -0.1437
13 -59 -0.5079 -0.606 -0.4413 -0.6911
14 - 17 -0.0562 -0.162 0.0363 0.4237
19-12 0.1448 -0.0547 0.1585 0.3822
21 -10 0.2692 0.1245 0.0599 0.135
23 -8 0.1038 -0.0038 -0.0333 0.1364
25 -6 -0.2603 -0.1143 -0.4095 -0.1134
31 - 27 -0.0773 0.0627 0.2537 0.1601
32 - 28 -0.481 -0.1096 -0.1282 -0.2369
33-29 -0.0321 0.1182 0.2185 -0.0777
34 - 30 -0.0437 0.2328 0.3869 -0.1659
35-31 -0.5856 -0.3194 -0.0576 -0.6154
36 - 32 -0.6307 -0.3282 -0.2739 -0.6592
37 - 33 -0.1056 0.3289 0.3166 -0.1561
38 - 34 -0.2622 -0.0821 0.3068 -0.2501
39 - 35 -0.3841 -0.3856 -0.0688 -0.4652
40 - 36 -0.2031 -0.2486 -0.1517 -0.3077
41 - 37 -0.5949 -0.5663 -0.3542 -0.5963
42 - 38 -0.1775 -0.1371 -0.1684 -0.1869
43 - 40 -0.1051 -0.099 -0.0995 -0.1002
44 - 39 -0.3288 -0.3116 -0.3306 -0.3382
47 - 60 -0.4134 -0.3438 -0.0578 0.0826
49 - 58 -0.1073 -0.0015 0.0441 0.1816
51 - 56 0.1169 -0.0868 0.2667 0.1973
54 - 51 -0.1272 -0.1003 -0.112 -0.1132
56 - 51 -0.0308 -0.2077 0.0864 0.0611
57 -9 -0.2684 0.1055 -0.2085 0.0797
58 - 49 -0.035 0.0196 0.0991 0.0338
59 - 11 -0.1106 0.0308 0.1666 -0.3603
60 - 47 -0.4389 -0.3465 -0.2162 -0.0087
61 -13 -0.2825 -0.3042 -0.2492 -0.328

Caption: Deviation of J-coupling across hydrogen bond (Jexp-Jcomp) backcalculated
from cutoff or reaction field trajectories of GB3






