Supplementary Information

Development of a force field for the simulation of
single-chain proteins and protein-protein complexes

Atom Charge Sigma Epsilon
Amber99 | DES-Amber | Amber99 | DES-Amber | Amber99 | DES-Amber
Ca 0.0337 0.0337 3.400 3.353 0.1094 0.102306
Ha 0.0823 0.0823 2.471 1.540 0.0157 0.007516
C 0.5973 0.451975 3.400 3.400 0.0860 0.0860
o —0.5679 | —-0.593742 2.960 3.090 0.2100 0.267428
N -0.4157 | —0.278592 3.250 3.400 0.1700 0.164024
H 0.2719 0.305959 1.069 0.000 0.0157 0.000

Table S1. Nonbonded parameters for the protein backbone atoms (kcal mol!; A; units of

charge).




Atom Sigma Epsilon
Amber99 | DES-Amber | DES-Amber SF1.0 | Amber99 | DES-Amber | DES-Amber SF1.0

Na 3.328 3.410 2.084 0.00277 0.0010 0.1684
K 4.736 4.736 2.783 3.2810% | 3.28 10 0.2795
Cl 3.400 3.451 4.718 0.0860 1.000 0.0117
02 2.960 2.960 3.600 0.2100 0.2100 0.0200
N3 3.250 3.800 3.033 0.1700 0.0100 0.2795
NR 3.250 3.3507 3.150 0.1700 0.1700 0.1700
HN | 1.0691 1.070 1.070 0.0157 0.0157 0.0157
opP 2.960 3.117 3.117 0.2100 0.2100 0.2100
OR 3.000 3.157 3.157 0.1700 0.1700 0.1700

Table S2. Revised nonbonded parameters for atoms that are part of charged groups or ions

(kcal mol™!; A; units of charge).




Solute Concentration Experiment DES-Amber
NaCl 0.5 0.921! 0.81(1)
1.0 0.936 0.75(3)
2.0 0.984 0.71(1)
KCl 0.5 0.900! 0.88(1)
1.0 0.898 0.91(2)
2.0 0.912 0.91(1)
Ace Na® 0.5 0.958° 0.91(2)
1.0 1.001 0.95(1)
2.0 1.090 1.05(1)
Ace K" 0.5 0.967° 0.96(2)
1.0 1.018 1.10(6)
2.0 1.124 1.13(1)
DMP Na* 0.3 0.98° 0.96(2)
0.5 1.01 0.98(2)
1.0 1.09 1.05(2)
DMP K* 0.3 0.98° 0.98(2)
0.6 1.02 1.00(2)
1.0 1.10 1.10(2)
NH4Cl1 0.5 0.900' 0.84(2)
1.0 0.897 0.85(2)
2.0 0.908 0.85(1)




NH4Cl104 0.5 0.853! 0.81(1)
1.0 0.820 0.75(1)
2.0 0.777 0.70(1)
GLY 0.5 0.956* 0.91(3)
1.0 0.927 0.87(2)
2.0 0.901 0.84(2)
ALA 0.5 1.005° 1.00(2)
1.0 1.009 1.02(1)
2.0 1.017 1.01(2)
ALA; 0.3 0.993° 0.99(3)
0.6 1.011 0.98(2)
1.0 1.041 1.02(3)
VAL 0.3 1.023° 1.06(4)
0.6 1.046 1.10(2)
SER 0.5 0.9407 0.95(2)
1.0 0.915 0.92(2)
2.0 0.900 0.92(1)
THR 0.5 0.988° 0.98(3)
1.0 0.982 1.04(2)
2.0 0.978 1.08(2)
ARG 0.5 0.785° 0.70(2)
1.0 0.733 0.63(1)




2.0 0.695 0.59(1)
LYS 0.5 0.844° 0.87(3)
1.0 0.844 0.86(2)

2.0 0.896 0.92(1)

Glu Na* 0.5 0.907'° 0.84(3)
1.0 0.921 0.86(2)

2.0 0.992 0.91(1)

GluK' 0.5 0.92210 0.93(2)
1.0 0.948 1.01(2)

2.0 1.035 1.13(1)

Table S3. Comparison of calculated and experimental osmotic coefficients for DES-Amber



Atom Pair Experiment DES-Amber
Na - Cl ~2.8!112 (crystal) 2.65

Na - Owat 231314 2.45

CI - Owat 3.21315 3.15

K-Cl ~3.0'2 (crystal) 3.00

K - Ovat 2.7 2.80

NH4 - Owat 2.8-3.015:16 2.8

NH4 - Cl ~3.2-3.31517 3.1

Table S4. Comparison of calculated and experimental position of the first peak of the Radial

Distribution Function (A).



Residue | PDB distribution DES-Amber RMSD
- + t - + t
ARG 0.54 1 0.04 | 0.43 | 0.41 | 0.01 | 0.58 | 0.12
ASN 0.80 | 0.01 [ 0.19 [ 0.62 | 0.01 | 0.37 | 0.15
ASP 0.79 1 0.02 | 0.19 | 0.83 | 0.00 | 0.17 | 0.03
CYS 0.75 1 0.05 | 0.20 | 0.65 | 0.03 | 0.33 | 0.10
GLN 0.61 | 0.04 | 0.35 | 0.53 | 0.00 | 0.46 | 0.08
GLU 0.61 | 0.01 | 0.38 [ 0.42 |0.01 | 0.57 | 0.15
HIS 0.52 1 0.00 | 0.48 | 0.32 | 0.01 | 0.67 | 0.16
ILE 0.92 |1 0.05 | 0.03 | 0.97 | 0.00 | 0.03 | 0.04
LEU 0.66 | 0.01 [ 0.33 | 0.57 | 0.00 | 0.43 | 0.08
LYS 0.54 1 0.00 | 0.46 | 0.41 | 0.00 | 0.59 | 0.10
MET 0.72 1 0.02 | 0.26 [ 0.57 | 0.00 | 0.42 | 0.13
PHE 0.41 | 0.01 | 0.58 | 0.32 | 0.00 | 0.68 | 0.08
SER 0.44 1033 10.22 [ 0.42 | 0.43 | 0.14 | 0.07
THR 0.75 1 0.25 [ 0.00 [ 0.78 | 0.22 | 0.00 | 0.03
TRP 0.39 1 0.03 | 0.58 | 0.23 | 0.03 | 0.74 | 0.13
TYR 0.42 1 0.01 | 0.57 | 0.34 | 0.00 | 0.66 | 0.07
VAL 0.07 1 0.02 | 091 | 0.12 | 0.06 | 0.81 | 0.07

Table S5. Side-chain y1 rotamer distributions as obtained from 1-ps simulations of Ace-A4XAs-
Nma peptides restrained to helical conformations compared to the distributions observed in the

PDB for residues in o helices.'®



AA | NMR experiment DES-Amber
278K | 298K | 333K | 278K | 298K | 333K
Ala | 1.56 | 1.39 | 1.17 | 1.70 | 1.38 | 1.12
Cys | 037 | 036 | 0.59 | 0.62 | 0.55 | 0.50
Asp | 0.56 | 0.54 | 094 | 093 | 0.74 | 0.69
Glu | 1.22 | 1.00 | 1.04 | 1.47 | 1.20 | 1.04
Phe | 052 | 0.50 | 0.72 | 0.80 | 0.67 | 0.59
Gly | 0.17 | 0.22 | 0.51 | 0.32 | 0.28 | 0.29
His | 0.18 | 0.20 | 0.31 | 0.59 | 0.51 | 0.55
Ile | 0.78 | 0.81 | 098 | 0.80 | 0.72 | 0.87
Lys | 0.67 | 0.60 | 0.67 | 051 | 0.42 | 0.44
Leu | 1.10 | 1.15 | 1.22 | 144 | 1.38 | 1.48
Met | 0.87 | 0.90 | 099 | 095 | 0.83 | 0.78
Asn | 0.37 | 043 | 0.75 | 0.69 | 0.58 | 0.55
Pro | 0.01 | 0.05 | 0.31 | 0.01 | 0.01 | 0.01
GIn | 068 | 0.72 | 0.86 | 1.01 | 0.91 | 0.92
Arg | 097 | 0.80 | 0.70 | 143 | 1.25 | 0.98
Ser | 045 | 0.51 | 0.83 | 0.87 | 0.71 | 0.68
Thr | 036 | 040 | 0.71 | 0.70 | 0.59 | 0.63
Val | 0.55 | 0.53 | 0.78 | 0.47 | 0.40 | 0.49
Trp | 053 | 0.64 | 092 | 0.59 | 0.61 | 0.83
Tyr | 0.50 | 0.50 | 0.72 | 0.67 | 0.55 | 0.57

Table S6. Lifson-Roig helix extension parameters at three temperatures (278 K, 298 K, and
333 K) as obtained from fitting the helical fractions observed in a 20-ps simulated tempering
simulation of Ace-(AAXAA)3-Nme peptides compared to the experimental values obtained from

NMR experiments. '



Ubq a99SB-disp DES-Amber SF1.0 DES-Amber
BB 3J 1.16 1.16 1.14
HB 3J 0.14 0.13 0.13
BB RDCs 0.26 0.22 0.22
SC RDCs 0.41 0.41 0.40
SC3J 1.06 1.11 1.17
Amide S2 0.04 0.06 0.06
Methyl S2 0.11 0.14 0.14
Score 1.37 1.47 1.46
GB3 a99SB-disp DES-Amber SF1.0 DES-Amber
BB 3J 1.35 1.01 1.01
Hbond 3J 0.17 0.12 0.12
BB RDCs 0.23 0.14 0.15
SC3J 1.12 1.05 1.01
Amide S2 0.05 0.03 0.04
Score 1.44 1.03 1.05
HEWL a99SB-disp DES-Amber SF1.0 DES-Amber
RDC 0.39 0.29 0.32
SC3J 1.02 1.00 1.06
Amide S2 0.06 0.06 0.05
Methyl S2 0.19 0.20 0.18
Score 1.15 1.06 1.06
BPTI a99SB-disp DES-Amber SF1.0 DES-Amber
BB 3J 1.00 1.22 1.21
SC3J 1.00 1.21 1.25
BB RDC 0.45 0.40 0.40
Score 1.04 1.15 1.16

Table S7. Comparison between simulation and NMR experimental data for the four folded
proteins in the Robustelli benchmark. RMSDs from experiments are reported in Hz for the
scalar couplings of backbone (BB 3J), side chain (SC 3J) and through-hydrogen bond (HB 3J);
for amide (Amide S2 and Methyl (Methyl S2) order parameters, the unitless RMSD is reported,
and for backbone (BB RDC) and side-chain (SC RDC) RDCs, the unitless Q-score is reported.

The deviations and force field scores (Score) are only reported for DES-Amber, DES-Amber



SF1.0, and a99SB-disp, but were calculated for each type of experimental observable also taking
into account previously reported simulations® run using a99SB-disp, a99SB*-ILDN/TIP3P,
c22*/TIP3P, ¢c36m/TIP3P, a03ws, a99SB-UCB, and a99SB-ILDN/TIP4P-D.
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Table S8. Comparison between simulation and experimental data for the 10 disordered proteins

in the Robustelli benchmark. RMSDs from experiments are reported in Hz for the chemical

shifts of atoms Ca (CA), Ha (HA), HN (HN), N (N), and CB (CB); the radius of gyration (Rg) is

reported in A; for scalar couplings (3J), the RMSD in Hertz is reported, as well as the correlation

coefficient (R); for amide order parameters (Amide S2) and PREs (PRE), the unitless RMSD is
reported, and for RDCs, the unitless Q-score is reported (RDC Q). The deviations and force

field scores (Score) are only reported for DES-Amber, DES-Amber SF1.0 and a99SB-disp, but
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were calculated for each type of experimental observable also taking into account previously
reported simulations? run using a99SB-disp, a99SB*-ILDN/TIP3P, c22*/TIP3P, c36m/TIP3P,
a03ws, a99SB-UCB, and a99SB-ILDN/TIP4P-D.
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DES-Amber DES-Amber SF1.0 a99SB- NMR

disp structure

Ca CS 1.05 1.07 1.07 2.84

Hao CS 0.26 0.27 0.27 0.50

HN CS 0.47 0.48 0.47 0.63

C’ CS 1.41 1.43 1.40 2.02

Cp CS 1.10 1.12 1.10 5.01

HN CS 2.61 2.63 2.60 2.96

CS FF Score 1.00 1.02 1.01 2.16

Average # of NOE violations 85.6 87.6 92.6 54.6

NOEs RMSD from 0.49 0.50 0.55 0.30
experiment

NOE FF Score 1.00 1.02 1.10 0.63

Table S9. Comparison of calculated RMSD from experimental chemical shift measurements
and number of NOE violations for 10-us simulations of 41 proteins described in Mao et al.?!
Chemical shift RMSDs (CS) are reported in ppm. NOE violations are defined as interatomic
distances that exceed distance restraints by >1 A. Agreement with experimental values obtained
from the lowest energy NMR structure is shown for comparison, but FF scores are calculated
using only the agreement observed in MD simulations. FF scores are only reported for DES-
Amber, DES-Amber SF1.0, and a99SB-disp, but were calculated for each type of experimental
observable also taking into account previously reported simulations?® run using a99SB-disp,

a99SB*-ILDN/TIP3P, c22*/TIP3P, C36m/TIP3P, a03ws, a99SB-UCB, and a99SB-
ILDN/TIP4P-D.
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DES-Amber DES-Amber SF1.0 a99SB-disp Experiment

drKN SH3 18.8 15.1 19.5 16.7+1.4
ACTR 20.1 16.8 21.3 25.0+1.0
Nrai 21.9 19.1 26.7 27.5+0.7
a-synuclein 30.5 18.8 36.8 31.0+5.0
PaaA2 18.6 14.3 21.4 224+4.0
Ap4o 17.1 13.2 13.9 12.0+1.3
p15PAF 27.0 19.4 27.2 28.1+0.3
Ash1l 27.2 25.5 24.4 285+3.4
Sicl 23.0 25.0 31.6 32.1+0.8
Calmodulin 20.7 19.1 21.5 21.5+1.0
Average % Error 9.7% 15.6% 5.1%

Table S10. Comparison of the simulated and experimental radii of gyration (Rgs) for the

disordered proteins of the Robustelli benchmark simulated in this work.



Trp-cage variant # events AGsim AGexp

Tc10b 82 -0.43+0.14 -0.57+0.31%>%
Tc10b DIN 78 0.00+0.12 -0.26+0.02%
Tcl0b A2L 84 -0.1440.12 0.05+0.12%
Tcl0b Y3A 35 1.7240.17 2.53+0.20%
Tc10b Y3F 87 -0.10+0.12 -0.01+0.25%
Tc10b Y3L 81 0.02+0.12 0.49+0.15%
Tc10b A4l 94 -0.41£0.14 -0.32+0.19%
Tc10b DIN/Q5A 76 0.19+0.12 0.36+0.062
Tc10b W6F 35 2.20+0.19 2.41+0.25%
Tcl0b L7A 42 1.17+0.14 2.22+0.74%
Tcl10b KSA 71 -0.22+0.17 -0.94+0.25%
Tc10b DN 169 -0.07+0.07 0.24+0.502*
Tcl0b P12A 98 -0.12+0.12 0.24+0.25%
Tcl0b S13A 64 -0.14+0.12 -1.00+0.31%
Tcl10b S14A 100 0.48+0.10 1.54+0.74%
Tcl0b S14T 87 0.12+0.12 0.30+0.25%
Tc10b R16K 128 0.05+0.12 0.11£0.192%23%
Tcl0b P17A 100 0.19+0.12 0.30+0.31%
Tc10b P18A 68 -0.19+0.12 -0.01+0.19%
Tcl0b P19A 82 1.60+0.12 1.9740.16%>23
TeSb 86 -0.41£0.12 0.30+0.19222
Tc5b P12W 68 0.07+0.14 -0.63+0.05%7

Table S11. Reversible folding simulations of 22 variants of the Trp-cage miniprotein using the

DES-Amber force field. For each variant, the number of folding events (# events) and the

calculated (AGsim) and experimental (AGexp) folding free energies (kcal mol ') are reported.

17



Name a99SB*-ILDN | ¢22* | RSFF2 | ¢36m | a99SB-disp DES-Amber
+

Ubq/UEV 2.7 13.7 | 17.2 2.6 1.4 1.3
Insulin dimer 4.0 4.6 5.0 3.5 3.8 2.8
Ubq/Ubq-ligase | 1.3 8.4 4.1 8.5 3.9 2.6
TBR-1/FKBP12 | 2.8 5.1 33 3.1 3.6 2.7
PexSp/SCP2 3.8 4.1 2.8 5.9 33 2.7
BPTI/MT-SP1 23 2.2 2.6 23 1.8 1.6
SGPB/OMTKY |2.2 5.0 1.7 2.5 14.0 24
3

Barnase/Barstar | 2.3 145 | 8.9 4.5 10.5 2.3
BPTI/Trypsin 1.6 2.1 2.4 3.2 1.9 2.9

Table S12. MD simulations of nine protein complexes with different force fields. The table

reports the average Ca RMSD (A) of the complex calculated over the last microsecond of a

20-ps simulation. The lowest average RMSD among all force fields is highlighted in bold;

simulations in which the complex dissociated are highlighted in italics. Aside from DES-Amber,

the only other force field that accurately reproduced the structure of these nine protein complexes

was a99SB*-ILDN with TIP3P water, possibly because this force field has the tendency to

overstabilize compact conformations.
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Name Pliss (s7') | a99SB*- RSFF2+ | ¢c36m | a99SB- DES-
ILDN disp Amber
Ubg/UEV )28 i 45 i i i
Insulin dimer 4.0% - - - - _
Ubq/Ubg-ligase | 1.8 - 4.9 55 |47 -
TBR-1/FKBP12 | .5%! - - - - -
PexSp/SCP2 -3.2% - - - - -
BPTI/MT-SP1 -4.3% - 4.9 - - -
SGPB/OMTKY3 | -3.2%* - - - - -
Barnase/Barstar | -5%° - 4.4 - 5.4 -
BPTI/Trypsin -7.2% - - - - _

Table S13. Base-10 logarithm of the dissociation rates for 9 protein-protein complexes from

MD simulations performed with different force fields. The dissociation rates estimated from

simulation are compared to the experimental values. Experimental values in italics are estimates

based on the experimental equilibrium constant and assuming a diffusion-limited association

constant of 10° s™' M™'.37 If no calculated value is reported, no dissociation was observed in any

of the two 20-us simulations, indicating a dissociation rate smaller than 10° s™! (Pkuiss < 5).
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Name PDB entry AGyind AGying AGyind AGyind . AGyind Interfacze
Ubg/UEV 1S1Q% 4.3% 788) | -824) | -102(6) | -6.8(5) | 650
Insulin dimer 1TRZ* -5.54% - - - - 800
Ubg/Ubg-ligase | 200B® -5.8% ; 67(1) | -102) | -5.4(2) | 450
TBR-1/FKBP12 | 1B6CY! 76 219.065) | -1365) | -172) | -12(1) | 920
Pex5p/SCP2 2C0L# -9.8% 34 | -603) 123) |51y | 870
BPTUMT-SP1 | IEAW® -143 a2(1) | - - - 960
SGPB/OMTKY3 | 3SGB* -12.5% -3(3) -6(2) -14(3) - 660
Barnase/Barstar | 1BRS* -18% -3(1) -14(8) -10(1) - 840
BPTI/Trypsin 2PTC* -18% - - - - 720
colE7/Im7 7CEI® 219,84 103) | -13.0) | -196) | - 690
FAB/Factor VIII | 11QD¥ 14,148 - A117(5) | - 1020
AdI2/CARDI | IKAC¥ -8.9% ; 193) | - 760
ImGP Synthase | IGPW>! -7.9% - -6.4(3) - 1070
CD2/CD58 QA9 27.0% ; 791 | - 690

Table S14. Calculated association free energies for protein-protein complexes. For the

complexes where values could be obtained using two different restraint sets, the average and

standard deviation of the two measurements is reported. In the other cases, the error estimated

using blocking is reported. Comparison of the two sets of errors suggests that blocking has the

tendency to underestimate the error, possibly because of long-timescale correlations.
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Protein DES-Amber Experiment

AH. (300 K) | ACp AHu (300 K) | ACy
Trp-cage 4.1(5) 0.09(1) | 15.5(5)* 0.05(3)**
Villin -2.5(3) 0.27(1) | 10°* 0.3
WW-domain | 6(1) 0.21(1) | - -
BBA 0.3(5) 0.13(2) | 11(2)* -
NTL-9 -17 0.39(1) | 10¢1)® 0.53(6)>°
BdpA 0 0.5(2) | 157 0.43°7
Engrailed 2(1) 0.30(5) | 15(1)8 -
gpW -6(1) 0.47(1) | 11 0.6>
a3D -4.2(5) 0.16(1) 0.8%
A-repressor | -1(1) 0.30(1)

Table S15. Thermodynamics of protein folding. Folding enthalpy (kcal mol ') at 300 K and
folding heat capacity (kcal mol ™! K™') calculated from the ST folding simulations are compared
to the experimental values. Experimental values in italics indicate that there are differences

between the experimental and simulated sequence.
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sheets (blue) calculated using the standard Amber99 force field (A) and after the nonbonded

parameter optimization (B) compared to the reference MP2 data.
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Figure S3. Kirkwood-Buff integrals for ethanol-water mixtures as a function of increasing
ethanol mole fraction. Kirkwood-Buff integrals were either derived from experimental
measurements®! (solid lines) or calculated from simulations performed with the DES-Amber

force field (dashed lines).
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Figure S4. Simulated tempering simulations of nine fast folding proteins. Ca-RMSD traces as a
function of time. For NuG2, the simulated tempering simulation did not result in any folding
event (i.e., structures with a Ca-RMSD <2 A from the folded state). The Ca-RMSD trace of an
NPT simulation at 360 K is reported instead, in which the protein folded after ~500 ps of

simulation.
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Figure S5. Helical propensities observed in simulations of the disordered proteins drkN SH3

26



(A), ACTR (B), Ntam (C), PaaA2 (D), GCN4 (E), and a-synuclein (F). Black lines are
experimental estimates from restrained-ensemble models calculated from NMR data (drkN
SH3,%2 Ntaw,®* PaaA2%%) or predicted from experimental NMR chemical shifts using the
program 62d% (ACTR, a-synuclein, GCN4).
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Figure S6. B-propensities observed in simulations of the disordered proteins drkN SH3 (A),
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ACTR (B), Ntaw (C), PaaA2 (D), GCN4 (E), and a-synuclein (F).
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Figure S8. Thermal stability of the helical peptide (AAQAA)3 (A) and the fast-folding proteins
GTT-Fip35 (B) Nle-Nle villin (C) and Trp-cage (D). Experimental melting curves are shown in
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Figure S10. Co-RMSD time series for 14 folded proteins®® selected among the highest
resolution structures in the PDB during a 20-ps simulation performed with the DES-Amber force

field. For each protein, the corresponding PDB ID is reported.
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Figure S11. Ca RMSD time series plots obtained from 20-pus simulations of nine protein-
protein complexes using DES-Amber. For each complex, the RMSD of each protein monomer is

reported in red and blue; the RMSD of the complex is reported in black.
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Figure S12. Comparison of the simulated and experimental radii of gyration (Rgs) for a subset
of the disordered proteins (drKN SH3, ACTR, AB40, PaaA2, Ntam, a-synuclein) simulated in
this work with a99SB-disp, DES-Amber, a99SB*-ILDN/TIP3P, and Amber-FB15. We note that
the simulated dimensions of disordered proteins were very similar between a99SB*-ILDN/TIP3P
and Amber-FB15, which utilizes the TIP3P-FB water model. The force field scores of this
subset of disordered proteins with Amber-FB15 were on average slightly better than those with
a99SB*-ILDN/TIP3P (1.91 vs. 2.28 for Amber-FB15 and a99SB*-ILDN/TIP3P, respectively),

suggesting some improvement in the local structural features for disordered proteins.
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