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The need for accurate and efficient force fields for modeling 3D structures of macrobiomolecules 

and in particular intrinsically disordered proteins (IDPs) has increased with recent findings to 

associate IDPs and human diseases. However, most conventional protein force fields and recent 

IDP-specific force fields are limited in reproducing accurate structural features of IDPs. Here, we 

present an environmental specific precise force field (ESFF1) based on CMAP corrections of 71 

different sequence environments to improve the accuracy and efficiency of MD simulation for both 

IDPs and folded proteins. MD simulations of 84 different short peptides, IDPs, and structured 

proteins show that ESFF1 can accurately reproduce spectroscopic properties for different peptides 

and proteins whether they are disordered or ordered. The successful ab initio folding of five 

fast-folding proteins further supports the reliability of ESFF1. The extensive analysis documented 

here shows that ESFF1 is able to achieve a reasonable balance between ordered and disordered 

states in protein simulations.

Graphical Abstract

INTRODUCTION

Intrinsically disordered proteins (IDPs) including proteins with disordered regions 

(consecutive disordered segments ≥40 in length) are characterized by lack of well-defined 

tertiary structures. IDPs exist as an ensemble of flexible conformers. At the same time, those 

various flexible conformers allow IDPs to play different essential roles at various conditions 

as IDPs are able to adopt different conformers upon binding to diverse partners such as 

ligands, proteins, DNA, and RNA. As a result, plenty of IDPs are associated with various 

human diseases, such as Tau protein, IAPP and β-amyloid peptide in neurodegenerative 

disease, p53 protein in cancer, and α-synuclein in Parkinson’s disease. With the motivation 

of exploring the structure–function relationship of IDPs and designing drugs that targeting 

IDPs, tremendous efforts have been devoted to studying IDPs. However, due to the 

flexibility of IDP conformers, conventional experimental tools are limited in investigating 

the IDP structures.1,2 Molecular dynamics (MD) simulations are in an ideal position to 

compliment experimental studies of IDPs due to their detailed conformer sampling ability.
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Recent improvements in computer software and hardware allow molecular dynamics 

simulations to sample IDPs in relevant time scales. However, the accuracy of force fields 

severely limited the quality of IDP simulations. Most of current protein force fields were 

designed to reproduce the highly structured 3D structures, leading to excessive stability 

of secondary structures, especially α-helix, in MD simulations. Although many efforts 

have been invested to correct the improper preference of backbone potential, resulting in 

balanced propensity among secondary structures in structured proteins, accurate modeling 

of secondary structures in IDPs is still a tremendous challenge. Very recently, great efforts 

were devoted to improve the modeling of IDPs, and tremendous progress was made in 

this direction. These improvements were mainly focused on solvent models and main-chain 

torsional preferences. On the one hand, upon the observation that traditional force fields are 

limited in modeling thermodynamic properties of water, the TIP4P-Ew model was proposed 

to improve the modeling of water,3 and the combination of ff99SB/TIP4P-Ew showed 

reasonable protein–water interactions in simulations of IDP Ab21–30 and Ab42 peptides.4,5 

Furthermore, ff03 variants, ff03 * and ff03w, in combination of the TIP4P/20056 model were 

also found to improve the conformers sampling of IDPs.7 In addition, the TIP4P-D model, 

introduced by modifying parameters in the TIP4P model to correct for the deficiencies in 

water dispersion interactions, was found to improve the radii of gyration of some IDPs.8 

On the other hand, to reduce the biases toward the structural proteins in conventional force 

fields, ff99IDPs9 was first developed by Chen and co-workers to improve IDP sampling by 

transplanting residue-specific CMAP corrections of eight disordered promoting residues (A, 

E, G, K, P, Q, R, and S) to the ff99SBildn10 force field.11 On the basis of the same idea, 

ff14IDPSFF was also proposed by extending these CMAP corrections to all 20 residues, 

which was found to dramatically improve the quality in reproducing secondary chemical 

shifts of multiple short disordered proteins.12 Most recently the CHARMM36m13 and 

a99SB-disp14 force fields were also proposed to model both IDPs and structured proteins.

Obviously, in these latest force fields, the main-chain torsional terms become increasingly 

sophisticated. On the other hand, to reduce the overstabled α-helix in ff99SBildn and ff14SB 
simulations, we adjusted the PPII and right helix regions in the ff14IDPSFF force field 

but found the strategy underestimated the stability of α-helix.12,15 CHARMM36m was also 

reported not to be able to fold back the all-β structure peptide GTT.14 Thus, additional 

efforts are still needed to improve the current force fields to reproduce experimentally 

observed propensities of secondary structures.

As reported in Baldwin’s study, J-coupling constants for GGXGG peptides are quite 

different from dipeptide values for some polar residues such as X = D, N, T, and Y due 

to probable side-chain–backbone interactions in GGXGG peptides.16 In addition, Shi et al.’s 

work on J-coupling constants of Ac-LXP-NH2 provides direct experimental evidence for 

the efforts of the neighboring residues. Shi et al. proposed that the neighboring residues 

play important roles in determining the stabilities of secondary structures of short peptides 

by influencing their hydration environments.17 However, our investigation of widely used 

protein force fields, such as ff14IDPSFF, ff14SB, a99SB-disp, ff03ws, and CHARMM36m 

shows that MD simulations were not accurate enough to reproduce the reported neighboring-

residue effects for the Ac-LXP-NH2 peptides (Figure S1).
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Therefore, we intend to take into consideration the chemical environments of neighboring 

residues in our refinement of protein force fields. Indeed, our benchmark database 

investigation of neighboring residues on phi/psi distributions of central residues suggests 

that neighbors’ chemical properties (such as polar versus nonpolar) are important (Figures 

S2 and S3), whose efforts are yet to be fully captured by standard protein force fields in MD 

simulations, as shown below. Our hypothesis is that incorporation of neighboring chemical 

environments into protein force fields would increase the accuracy and predictive power of 

MD simulations. These efforts would lead to environment-specific force fields. Here, we 

document our very first effort in developing such a force field, which is termed as ESFF1 
throughout this Article.

As discussed in detail in the Supporting Information, ESFF1 was developed by transplanting 

71 sophisticated backbone CMAP energy terms into ff14SB. In MD simulations, a CMAP 

term is used to correct each residue’s specific phi/psi dihedral energy based on its 

neighboring residues at both the N-terminus and C-terminus. To assess the performance 

of ESFF1, a total of 247.4 μs trajectories was simulated for 84 peptides and proteins and 

compared with experiments (Table S1).

MATERIALS AND METHODS

Benchmark Construction and Environment Definition.

A database of 24,236 protein structures with a sequence identity less than 50% and R 

factor less than 0.25 was constructed from the RCSB protein structure databank. The 

DSSP18 program was utilized to assign the secondary structures and dihedral angles for 

these proteins. Residues without any secondary structures are defined in the “coil” state. 

State “S” is used to denote high-curvature structures, for which the angle between vector 

Cαi–Cαi+2 and vector Cαi-2–Cαi is at least 70 degrees. Our preliminary analysis shows that 

blending S residues into a database of pure coil residues can enhance its helicity, which was 

found to be a limitation of our previous databases. Finally, a total of 2,611,450 coil and 

1,195,531 S residues was, respectively, collected from the protein structure database.

To define a benchmark phi/psi database, all coil residues and 25% of randomly selected S 

residues were mixed together, with their phi/psi angle, respectively, classified based on the 

N-terminal and C-terminal chemical environments of the central residue. As illustrated in 

Figure S4, for residue Ala in the middle of tripeptide Ser-Ala-Leu, the N-terminal residue 

Ser was defined as the polar environment (P), and the C-terminal residue Leu was defined as 

the nonpolar environment (NP). Therefore, the phi/psi angle of Ala in Ser-Ala-Leu (133.9, 

−164.5) is classified as the P-Ala-NP class. For the 20 naturally occurring amino acids, 

Gly, Ser, Tyr, Cys, Asn, Gln, Thr, His, Glu, Asp, Arg, and Lys were defined as polar 

environments, and Met, Trp, Phe, Val, Leu, Ile, Pro, and Ala as nonpolar environments. As 

a result, residue “X” would exist in four different environments of NP-X-NP, NP-X-P, P-X-

NP, and P-X-P. Thus, for all 20 amino acids, 80 environmental combinations corresponding 

to 80 different phi/psi distributions were collected, with the number of samples of each 

environmental combination shown in Figure S5.
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CMAP Training and Force Field Integration.

Two-dimensional grid-based potential energy correction maps (termed CMAP)19 were 

utilized to minimize the difference of the dihedral distribution between MD simulations and 

benchmark data for each of the 80 environmental combinations. This method is previously 

utilized and described in the development of ff99IDPs, ff14IDPs, ff14IDPSFF, ff03CMAP, 
OPLSIDPSFF, and CHARMM36IDPSFF.9,12,20-23

The dipeptide models (Ace-X-Nme, Ace means acetyl, X represents a given amino acid, and 

Nme means aminomethyl) were utilized during the CMAP optimization via explicit solvent 

MD simulations. The training of the CMAP parameter is also described in our previous 

works.9,12,20,21 It is worth mentioning that CMAP parameters were optimized iteratively 

until the phi/psi distributions acquired from MD simulations match those from benchmarks 

for each environmental combination within a given tolerance, set to be less than 0.10%.

To improve the agreement between the backbone dihedral angles preferences of the 

dipeptide models and those from the database benchmark, an iterative optimization of 10 

rounds was conducted to obtain the CMAP parameters of each environmental combination. 

The root-mean-square deviations of populations (RMSp) of these optimizations are shown in 

Figure S6, which shows that the RMSp for four types of environmental combinations of 20 

amino acids between CMAP0 (ff14SB) and the database benchmark are higher than 0.22%. 

After the optimization, the RMSp for 17 amino acids’ environmental combinations between 

the best CMAP parameter and the benchmark decreases to 0.073%. For residues Cys, Met, 

and Trp, all four environmental combinations were combined together without considering 

their environments due to insufficient sampling.

After optimization, the CMAP parameter with the lowest RMSp among all 10 training 

rounds was selected for each specific environmental combination. As a result, a total of 71 

CMAP parameters corresponding to 71 environmental combinations are organized into a 

text database file to be integrated into the topology files of the ff14SB force field, including 

three residue-specific parameters for Cys, Met, and Trp due to insufficient sampling. More 

specifically, a perl script was developed to help to choose suitable CMAP and generate an 

ESFF1 topology file. After that, standard MD simulations can be executed without extra 

operations.

Molecular Dynamics Simulations.

Initial dipeptide structures for 20 amino acids were built in an all-trans conformation with 

the LEaP module in the Amber 14 suit.24 Counterions (Na+/Cl−) were added to neutralize 

the systems, which were then solvated in a truncated octahedron box of TIP3P water 

molecules with a buffer of 10 Å. In order to verify the improvement of TIP4P-D8 in 

Rg reproduction, corresponding simulations at the same conditions for RS1,25 Histatin5,26 

ab40,27 drkN SH3,28 and ACTR29 were conducted with ESFF1 and TIP4P-D. The CUDA 

version of PMEMD was used to accelerate the MD simulations.30 All systems were relaxed 

for 20,000 steps with the steepest descent minimization, then were heated for 20 ps and 

equilibrated for 20 ps in the NPT ensemble at the corresponding temperature listed in 

Table S1. During the simulation, the covalent bonds with hydrogen atoms were constrained 
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using the SHAKE algorithm.31 The electrostatic interactions were calculated using the 

particle mesh Ewald (PME) method32 with a cutoff of 8 Å. Lennard-jones interactions were 

truncated at 8 Å. Temperature coupling was controlled using a Berendsen thermostat, and 

pressure coupling was controlled using a Berendsen barostat.33

To verify the environmental effects, multiple widely studied short peptides were simulated 

with three force fields ESFF1, ff14IDPSFF, and ff14SB. To compare the performances 

of these force fields in IDP modeling, five independent trajectories per force field were 

simulated for RS1,25 Histatin5,26 c-Myb,34 RevARM,35 MevN,36 rIAPP,37 ab40,27 ab42,27 

drkN SH3,28 KID,38 ACTR,29 IA3,39 p53N,40 tauF4,41 and α-synuclein.42 To compare 

the influence of the thermostat method, a Langevin thermostat with a collision frequency 

of 2 ps−1 was also used for the extra simulations of c-Myb. For ACTR, an extra five 

trajectories were also simulated with ESFF1 and ff14SB but started from the well-folded 

state. To investigate the performances of ESFF1 in modeling structured proteins, 14 typical 

structured proteins were simulated, including TC5b,43 villin HP,44 crambin,45 LysM,46 

IgGbG,47 BPTI,48 CSEv5,48 FAS1,49 CspB,50 Ccc2a,51 DMAP1, ubiquitin,52 FKBP12,53 

and LUSH.54 Furthermore, to validate whether ESFF1 is able to simulate order–disorder 

transition in protein–protein interactions, two complexes ACTR-CBP29 and p53TAD-CBP55 

were also simulated with ff14SB and ESFF1. For REMD simulations of six fast-folding 

proteins CLN025, TC5b, GB1, Trpzip2, WW GTT, and villin HP, the replica exchange 

interval was set to 1 ps, and the exchange acceptance ratio was around 10%. The totally 

extended unfolded REMD initial structures of CLN025, TC5b, GB1, Trpzip2, and WW GTT 

were obtained from 10 ns NVT high-temperature MD at 500 K. A separate 24 μs (1.2 μs × 

20 replicas) REMD for villin HP was also started from the folded PDB structure 1VII44 to 

check the sampling issue. Detailed conditions of these simulations are summarized in Table 

S1.

Data Analysis.

CPPTRAJ56 was used to process all MD trajectories and calculate RMSD, RMSF, radii 

of gyration, dihedral angles, distances, and hydrogen bonds. Conformer clustering was 

performed with Kclust.57 The secondary structures were assigned with the DSSP program.18 

The experimental data of the secondary chemical shift, J-coupling, SAXS, radius gyration, 

melting curve, and fraction of the specific secondary structure for all tested systems 

were downloaded from the BRMB database58 or related literatures summarized in Table 

S1. Secondary chemical shifts of MD simulations were calculated with ShiftX2,59 and 

J-coupling constants were calculated with the Karplus equation with latest parameters.60 All 

these analyses were calculated using the production portions of the MD trajectories listed in 

Table S1.

RESULTS AND DISCUSSION

ESFF1 Reproduces Local Environmental Effects in Tetrapeptides.

As listed in Table S1, tetrapeptides Ac-LXP-NH2 (X = A, C, D, E, F, H, I, K, L, M, N, 

Q, R, S, T, V, W, and Y) were studied by Shi et al. with NMR spectroscopy.17 The finding 

that the J-coupling constant of Leu depends on its neighboring residue (X) clearly shows the 
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influence of local sequence environments on the structural preference of Leu, as expected. 

This set of tetrapeptides thus provides a nice initial test to study whether existing force fields 

can reproduce the effects of local environments in MD simulations. All simulated J-coupling 

constants are shown in Figure 1 along with experimental values. The P-values of the paired 

Wilcoxon signed rank test between ESFF1, ff14IDPSFF, ff14SB, ff03ws, a99SB-disp, and 

CHARMM36m simulations with NMR experiments are 0.181, 0.043, 7.63 × 10−6, 7.63 × 

10−6, 7.63 × 10−6, and 1.53 × 10−5, respectively, and RMSD values are 0.183, 0.205, 0.793, 

0.633, 0.943, and 0.424 Hz, respectively. Obviously, the simulations with ESFF1 agree the 

best with the experiment with the highest P-value and the lowest deviation, demonstrating 

the ability of ESFF1 in reproducing local sequence environments.

ESFF1 Reproduces NMR Observables of Short Peptides.

We next tested ff14SB, ff14IDPSFF, and ESFF1 in MD simulations of 46 short peptides (3–

19 residues). Two NMR observables, Δδ Cα chemical shift and 3J(HN,Hα), were monitored 

to assess the quality of MD simulations. Table S2 lists the RMSDs between MD simulated 

and NMR measured values. For the simpler single-residue repeats of GLY3, VAL3, ALA3, 

ALA5, and ALA7, although the RMSDs for Δδ Cα chemical shifts are similar among all 

three simulations, the RMSDs for 3J(HN,Hα) are significantly lower in the simulations with 

ESFF1 than those with ff14SB and ff14IDPSFF. These results indicate that ESFF1 can 

better reproduce monitored NMR observables of these simple peptides.

Another measurement worth pointing out is the temperature dependence of 3J(HN,Hα) of the 

central residue in ALA3 as reported by Schwalbe et al.61 Figure S7 shows the comparison 

of this interesting temperature-dependent observable in all three simulations with that in 

experiment. Overall, the trends with ESFF1 are in qualitative agreement with experiments. 

This is clearly different from those simulations with ff14SB and ff14IDPSFF, indicating that 

the ESFF1 force field also improves the temperature dependence of these observables in MD 

simulations.

Other NMR observables such as 3J(HN,Hα), 3J(HN,C′), and 3J(HN,Cβ) were also monitored 

for short peptides with the motif of GXG (X = A, E, F, K, L, M, S, and V). The agreement 

between MD and NMR values are listed in Table S3. It is clear that ESFF1 and ff14IDPSFF 
perform better than ff14SB in reproducing these NMR observables as well.

With increasing length and complexity, the different performances among the three tested 

force fields becomes more noticeable. An analysis of MD simulations for 14 peptides pepX 

(EGAAXAASS, X = D, E, G, H, I, K, L, N, P, Q, T, V, W, and Y) is shown in Table S2. 

Among these simulations ESFF1 was found to have consistent low RMSD values of less 

than 0.24 ppm for the monitored chemical shifts. In contrast, all RMSD values with ff14SB 
are consistently higher than 0.45 ppm. In addition the RMSD values for the monitored 

J-coupling constants are also significantly lower in simulations with ESFF1 and ff14IDPSFF 
than those with ff14SB.

Finally, Table S2 also presents a comparison for the simulations of peptide HEWL19. 

Consistent with the above simulations, use of ESFF1 leads to the lowest RMSD values in 

Δδ Cα. It is clear that with ESFF1’s focus to correct subtle main-chain torsional biases, 
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the quality of the sampled conformers in MD simulations was noticeably improved for the 

tested short peptides.

ESFF1 Reproduces NMR Observables and Conformational Distributions of IDPs.

To assess the performance of ESFF1 in modeling IDPs, we simulated 15 intrinsically 

disordered proteins (Table S1) for which NMR observables are available. Conformational 

sampling for these IDPs is apparently more challenging, and care has been taken to make 

sure the sampling is sufficient as shown in Figure S8.

A summary of the RMSD values between experimental and simulated ΔδCα chemical shifts 

for these IDPs is shown in Table 1. In the simulations with ESFF1, the RMSD values are 

less than 0.5 ppm for nine out of 15 IDPs, and the rest are between 0.5 and 0.75 ppm. When 

comparing with our previous residue-specific force field ff14IDPSFF with only correct 

phi/psi distributions, we also observed good improvement in NMR prediction for some 

partially disordered proteins such as c-Myb, RevARM, MevN, and KID. On the contrary, 

the RMSD values are mostly greater than 1.0 ppm in simulations with ff14SB. As chemical 

shifts Δδ Cα are closely related to protein secondary structures, these data suggest that 

ESFF1 is able to represent the structural preferences of the tested IDPs better, supporting our 

strategy to focus on correcting subtle biases in conventional protein force fields.

Three-bond J-coupling constants are related to backbone torsion angles by the Karplus 

equation.62 In particular, 3J-(HN,Hα) values are extensively used to evaluate structural 

preferences, with the 3J(HN,Hα) average around 5.2 Hz in helical regions and the average 

around 8.5 Hz in β-sheet/extended conformers.63 Therefore, we calculated J-couplings for 

these simulations and compared them with corresponding available experimental data (Table 

1). As shown in the right part of Table 1, almost all RMSD values for ff14SB simulations 

are greater than 1 Hz except for drkN SH3. However, ff14IDPSFF was found to significantly 

reduce the RMSD values. Comparing with ff14IDPSFF, ESFF1 further improves the J-

coupling constants of IDPs with all RMSD values less than 1 Hz. Obviously J-coupling 

constants were poorly reproduced in ff14SB simulations of IDPs, while ff14IDPSFF and 

ESFF1 alleviate the limitation in all tested IDPs. More interestingly, as shown in Shaw 

group’s analysis of six traditional force fields and their new force field a99SB-disp, the 

lowest RMSD value was found to be from CHARMM36m at 0.59 Hz for ab42,14 which is 

still higher than the values from ff14IDPSFF and ESFF1. In summary, in simulations for 

ab42, Histatin5, RevARM, and RS1, ESFF1 results in more reasonable J-coupling constants 

than many other force fields tested in the literatures.13,64,65

Comparing with our IDP-specific force field ff14IDPSFF, ESFF1 was found to achieve 

a better balance between ordered and disordered states in MD simulations. As shown 

in Figures S9-S12, simulated Δδ Cα values of c-Myb, RevARM, MevN, and KID 

underestimated the Δδ Cα chemical shift in those partially folded regions when ff14IDPSFF 
is used, while ESFF1 corrected the biases by importing condign “S” into the phi/psi 

benchmark database to balance the probability of PPII, sheet, and helix. According to all 

non-Gly, for non-Pro residues’ phi/psi distributions in MD simulations for c-Myb, RevARM, 

MevN, and KID shown in Figure 2 and Figures S13-S15, ff14SB always dominated the 

α-right region the same as the crystal structures retrieved from PDB, and ff14IDPSFF 
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prefers the PPII and β regions rather than the α-right region. Only ESFF1 shows a 

balanced fraction among different secondary structure regions. As a result, the helicity 

of local fragments is also reproduced well in the ESFF1 simulations of c-Myb, MevN, 

and KID, while that in the ff14IDPSFF simulations is significantly lower and that in 

the ff14SB simulations was overestimated for the same proteins (Figures S16-S18). The 

detailed information on secondary chemical shifts, J-coupling constants, SAXS, secondary 

structure populations, and conformational clusters under different force fields for the tested 

proteins are shown in Figures S9-S29 and Tables S-S18. In addition, the extra simulations 

of c-Myb with a Langevin thermostat were performed and compared with a Berendsen 

thermostat. The results show that different thermostats have no significant influence on the 

conformer sampling of c-Myb with an ESFF1 force field (shown in Figure S30). However, 

the Langevin thermostat should be widely tested in future simulations.

ESFF1 Reproduces the Conformers and Dynamics of Structured Proteins.

To evaluate the performance of ESFF1 in modeling structured proteins, 14 typical proteins 

covering common folds from previous studies13,66 were simulated for 1000 ns per trajectory. 

Backbone structures were found to be stable throughout the production trajectories (Figure 

S31). The Cα RMSD profiles show that the structured proteins stay stable without the 

tendency for unfolding. The dominant MD conformers are also consistent with the crystal 

structures (Figure 3). These findings show that the ESFF1 force field is able to maintain the 

stability of both secondary and tertiary structures in tested structured proteins.

In addition, with the available experimental side-chain J-coupling for ubiquitin, we 

compared the simulated 3J(C′,Cγ) and 3J(N,Cγ) coupling constants and experimental data 

(Table S19). The results show that ESFF1 can also well reproduce the side-chain sampling 

for ubiquitin. We also compared the energy landscape of eight IDPs and four folded 

proteins, as presented in Figure S32. The results show that the energy landscape of IDPs 

is more rugged than that of the folded proteins.

ESFF1 Reproduces Conformational Preferences of IDPs in Bound and Free States.

IDPs often play functional roles upon binding to receptors such as proteins, DNA, or RNA. 

Thus, the performance of force fields to reproduce ordered conformers in the bound state 

is also crucial in force field evaluations. Here, we tested two IDP complexes ACTR-CBP 

and p53TAD-CBP in both bound and free states. The NMR observables of ACTR, p53TAD, 

and CBP calculated from MD simulations with ESFF1 correlate well with experimental 

data in both bound and free states (Figure 4 and Tables S20-S21). More importantly, 

NMR experiments29,55 have shown that IDP ACTR is in the highly structured state when 

bound to CBP, while another IDP p53TAD only contains a few helical structures and many 

random coils when bound to the same receptor CBP. This interesting phenomenon was also 

reproduced correctly in the ESFF1 simulations (Figures S33 and S34). These data show that 

the ESFF1 is able to distinguish ordered and disordered states effectively and samples the 

most reasonable conformational ensembles.
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ESFF1 Reproduces Melting Thermodynamics of Fast Folding Proteins.

We also studied ab initio folding simulations for six fast-folding proteins CLN025, 

TC5b, GB1, Trpzip2, WW GTT, and villin HP via replica exchange molecular dynamics 

(REMD) (Table S1). The dominant conformers from REMD simulations and corresponding 

experimental structures are shown in Figure 5. It is interesting to note that ESFF1 is able 

to fold five proteins CLN025, TC5b, GB1, Trpzip2, and WW GTT to the native state from 

fully extended conformers in REMD simulations. Although ESFF1 failed to sample the 

native state for villin HP in an extensive REMD simulation (1 μs × 20 replicas), another 

REMD simulation starting from the folded state (1.2 μs × 20 replicas) shows a reasonable 

agreement with experimental melting curve. This indicates that the sampling is still not 

very effective for the larger villin HP in our REMD simulations. It is also interesting to 

note that the melting curves for four out of five proteins (except TC5b) also agree well 

with experiments (Figure 6). The detailed values are listed in Table S22. The stability of 

TC5b is much lower than the experimental value, which is also similar to the performance 

of CHARMM22*/TIP3P, ff99SBildn/TIP4P-D, ff99disp, and CHARMM36m force fields 

in the study by the Shaw group.14 These data suggest that ESFF1 performs respectfully 

among all recent protein force field revisions. It is also worth pointing out that ESFF1 may 

underestimate the stability of some helical structures.

Usage of TIP4P-D Further Improves Simulations of IDPs.

Solvent modeling is another key factor that limits the accuracy of MD simulations of 

IDPs. As the Shaw group pointed out, typical solvent models such as TIP3P significantly 

underestimate the London dispersion interactions, leading to underestimation of the radius 

of gyration (Rg) and unreasonable compact conformers in MD simulations of IDPs.8 Thus, 

we analyzed the Rg of every tested protein in every tested force field and compared 

them to the corresponding experimental Rg values (Table 2). We also observed significant 

underestimation of Rg for both ff14SB and ESFF1 when combined with TIP3P. Despite the 

observation that ff14IDPSFF slightly improves Rg values, the simulated Rg values hardly 

agree with experimental values. Therefore, MD simulations at the same conditions for RS1, 

Histatin5, ab40, drkN SH3, and ACTR were repeated with the TIP4P-D solvent model. The 

simulated Rg values in both TIP4P-D and TIP3P solvents are listed in Table 2, and the 

simulated NMR properties are shown in Tables S8, S9, S11, S13, and S14, respectively. 

These data suggest that TIP4P-D dramatically improves the simulated Rg values. Even more 

interesting, it also improves the accuracy of simulated NMR properties. Finally, we also 

observed that simulated Rg values in TIP4P-D are often higher than experimental values, 

which indicates that TIP4P-D overestimates the flexibility of IDPs in MD simulations which 

is consistent with the findings in the literature.72

CONCLUSIONS

We developed an environment-specific force field ESFF1 based on CMAP correlation of 

71 types of environmental combinations. A comprehensive analysis of 61 different short 

peptides and IDPs shows that that ESFF1 simulations can accurately reproduce NMR 

properties for different peptides and proteins. With the sophisticated CMAP correlation for 

every specific environmental combination, ESFF1 is able to achieve a reasonable balance 
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between ordered and disordered populations in MD simulations. Thus, ESFF1 performs 

excellently in conformer sampling of IDPs, suggesting that ESFF1 might be helpful 

for structural prediction of IDPs. In addition, long time simulations of 14 fully folded 

proteins show that ESFF1 is also suitable for structured proteins. More interestingly, MD 

simulations for ACTR-CBP and p53TAD-CBP complexes illustrate the best applications 

for ESFF1, where both ordered and disordered states are reproduced well. In addition, the 

successful ab initio folding of five fast-folding proteins also lends support in the reliability 

of ESFF1 in simulating structured proteins. Finally, MD simulations with ESFF1/TIP4P-

D suggest TIP4P-D may further improve the performance of ESFF1, though limitations 

are also observed. Therefore, developing more reasonable solvent models for ESFF1 are 

necessary next steps. The ESFF1 force field parameters are deposited at https://github.com/

chaohao2010/ADD-CMAP.
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Figure 1. 
Agreement of computed and measured 3J(HN,Hα) for residue Leu in the Ace-LXP-NH2 

peptides. Computed data from ESFF1, ff14IDPSFF, ff14SB, ff03ws, a99SB-disp, and 

CHARMM36m simulations. P-value less than 0.05 means rejecting the none hypothesis 

of “there is no significant difference between simulation and experiment”. Red data points 

represent nonpolar residues X = A, F, I, L, M, V, and W in Ace-LXP-NH2. Blues data points 

represent polar residues X = C, D, E, H, K, N, Q, R, S, T, and Y in Ace-LXP-NH2.
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Figure 2. 
Main-chain torsional distributions in MD simulations of c-Myb. (A) Ramachandran plots 

of all non-Pro and non-Gly residues in PDB structures and in simulations with ff14SB, 
ff14IDPSFF, and ESFF1 force fields. (B) Fractions of secondary structure regions in ff14SB, 
ff14IDPSFF, and ESFF1 simulations.
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Figure 3. 
Superposition of crystal structure (gray) and dominated structure (green) in 1000 ns 

ESFF1 simulations of 14 structured proteins. The dominated structure is the representative 

conformer of the top cluster in conformation clustering analysis by Kclust software with 

the RMSD cutoff set to 4 A. The RMSD between the dominated structures and the 

corresponding crystal structures and the percent occupancies of dominated structures are 

labeled.
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Figure 4. 
Performance of ESFF1 in modeling order–disorder complex ACTR-CBP in both free and 

bound states. (A) Conformers sampling of CBP, ACTR, and ACTR-CBP complex in MD 

simulations run by ESFF1. (B) Secondary Cα chemical shifts of ACTR and CBP in free or 

bound state under ff14SB, ESFF1, and NMR experiments.
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Figure 5. 
Ab initio folding of fast-folding proteins with ESFF1. (A) Initial conformers of CLN025, 

Trpzip-2, GB1 hairpin, TC5b, and WW GTT for REMD. (B) Dominated conformers 

(magenta) from ESFF1 simulations compared with corresponding experimental structures 

(cyan) from the PDB database. The representative structures were calculated from the 

replica at the lowest temperature by clustering analysis. The centroid conformer of the Top 

1 cluster for each protein is aligned with its PDB structure with corresponding Cα RMSD 

listed below the image. The percentage of this cluster is also listed in parentheses.
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Figure 6. 
Melting curves of CLN025, Trpzip-2, GB1 hairpin, TC5b, WW GTT, and villin for REMD 

with ESFF1 compared with corresponding experimental data.43,67-71
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