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Abstract

Intrinsically disordered proteins (IDPs) or intrinsically disordered regions have not fixed tertiary 

structure, but play key roles in signal regulation, molecule recognition, and drug target. However it 

is difficult to study the structure and function of IDPs by traditional experimental methods because 

of their diverse conformations. Limitations of current generic protein force fields and solvent 

models were reported in the previous simulations of IDPs. We have also explored to overcome 

these limitations by developing ff99IDPs and ff14IDPs force fields to correct the dihedral 

distribution for eight disordered promoting residues often observed in IDPs and found encouraging 

improvements. Here, we extend our correction of backbone dihedral terms to all 20 naturally 

occurring amino acids in the IDP-specific force field (ff14IDPSFF) to further improve the quality 

in the modeling of IDPs. Extensive tests of seven IDPs and 14 unstructured short peptides show 

that the simulated Cα chemical shifts with the ff14IDPSFF force field are in quantitative 

agreement with those from NMR experiment and are more accurate than the base generic force 

field and also our previous ff14IDPs that only corrects the eight disorder-promoting amino acids. 
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The influences of solvent models were also investigated and found to be less important. Finally 

our explicit solvent MD simulations further show that ff14IDPSFF can still be used to model 

structural and dynamical properties of two tested folded proteins, with a slightly better agreement 

in the loop regions for both structural and dynamical properties. These findings confirm that the 

newly developed IDP-specific force field ff14IDPSFF can improve the conformer sampling of 

intrinsically disordered proteins.

Graphical Abstract

Introduction

Intrinsically disordered proteins (IDPs) or intrinsically disordered regions (IDRs) do not 

have well-defined tertiary structures because of low sequence complexity and biased amino 

acid composition.1 The dogma dictates that proteins need a structure to function. Thus an 

interesting question is why so many proteins are in the state of disorder.2 IDPs and IDRs 

have been proved to play key roles in crucial biological functions, such as cell signaling, 

recognition, regulation and being in hub positions of networks.3, 4 Furthermore, IDPs are 

also found to have strong associations with many diseases, such as cancer, diabetes, 

Alzheimer’s disease, Parkinson’s disease, amyloidosis, and others.5, 6 All these findings 

have greatly motivated the studies of structure-function relationship of IDPs and IDRs.

However, due to the heterogeneous nature of IDP structures, it is a challenge to apply 

conventional X-ray and NMR techniques to study these interesting proteins. Molecular 

dynamics (MD) simulations can create a dynamical heterogeneous structural distribution and 

provide a valuable complement to experiment for studies the structure-function relationship 

of IDPs. However, solvent models and force fields of MD simulation are thought to be two 

main limitations in proper sampling of IDPs. For example, influences of different solvent 

models on the structural property of IDPs have been discussed in the literature.7–9 In this 

work, we focus on the limitations of generic protein force fields to sample IDPs, with one 
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potential caveat in how crystal structures have been used in the calibration of these force 

fields,10–12 which often involves comparing simulated backbone dihedrals (φ/ψ) 

distributions with those found in folded proteins as observed in crystal structures.

We hypothesized that the backbone dihedral terms could be altered to improve the sampling 

of IDPs by any generic protein force field.10–12 An issue in the revision of a generic force 

field is the lack of training data to improve the dihedral angle terms. To overcome this initial 

difficulty, we relied on a working hypothesis to use coiled regions (or amino acids in the 

loop regions) from crystal structures to model the conformations of disordered amino acids 

in the construction of an IDP-specific force field. Based on this strategy, we developed two 

IDP-specific force fields with limited corrections on eight disorder-promoting residues only 

(A, G, P, R, Q, S, E, and K as reported in the literature13–16), ff99IDPs and ff14IDPs, 

assisted with the CMAP method.10–12 These IDP-specific force fields were shown to 

improve the structural distributions of IDPs significantly. However, our statistical analyses 

show that order-promoting residues are also quite common in IDPs and IDRs, but ff99IDPs 
and ff14IDPs do not correct these residues. Our previous analyses show that the lack of 

correction of these residues causes somewhat larger discrepancy with experiment on these 

residues even if overall improvement is apparent over the generic protein force fields.10–12 

We thus further hypothesized that it is beneficial to optimize the backbone dihedral terms for 

all 20 naturally occurring amino acids to improve the performance of an IDP-specific force 

field.

Following this rational, we extended backbone dihedral corrections to all 20 natural amino 

acids starting from a well-calibrated generic protein force field ff14SB.17 These residue-

specific corrections form the foundation of our IDP-specific force field (ff14IDPSFF) for 

sampling IDPs/IDRs. Extensive validations involving multiple IDPs were used to analyze 

the qualities of the new force field as well as ff14SB and ff14IDPs,12 including inducible 

transactivation domain of the transcription factor CREB potentiates (KID),18, 19 p53 

transactivation domain (TAD),20, 21 hematopoietic transcription factor c-Myb,22, 23 aspartic 

proteinase inhibitor IA3,24 microtubule-associated protein Tau, α-Synuclein,25 arginine-rich 

motif of HIV-1 Rev (HIV Rev),26 and 14 unstructured short peptides of EGAAXAASS (X = 

K, L, Q, G, T, Y, D, E, H, N, I, P, V, and W).27 Finally two typical structural proteins 

lysozyme28 and ubiquitin29 were also used to validate the ability of ff14IDPSFF in sampling 

structured proteins with identical simulation conditions.

Methods

CMAP method

Grid-based energy correction maps30–32 were utilized to minimize the differences in the 

dihedral distributions between MD simulations and benchmarks for all 20 amino acids. This 

method is previously integrated in the CHARMM software package and was ported to the 

Amber simulation package.33, 34 To correct the dihedral energies, a CMAP energy term was 

added to every pair of backbone dihedral terms in the Amber potential energy function as in 

our previous studies. Different from our previous attempts,10–12 the dihedral distributions for 

all 20 amino acids were corrected with CMAP. 576 grids were used in the CMAP files for 

each amino acid. The di-peptide models (Nme-X-Ace, X represents a given amino acid, 
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Nme stands for aminomethyl and Ace for acetyl) were utilized during the CMAP 

optimization via explicit solvent MD simulations. Similar models were also applied in the 

previous Amber force field ff14SB developments.35, 36 The optimization of the CMAP 

correction terms for IDPs is described in detail in our previous works.10–12 Root mean 

square deviations of population (termed RMSp) among all bins were calculated to 

quantitatively measure the difference between MD and database populations and calculated 

with the equation 1. Briefly, the CMAP parameters were optimized iteratively until the MD 

distributions match the benchmark distributions within a given tolerance, set to be less than 

0.10%. In order to avoid the overfitting for the optimization of CMAP parameter, the energy 

of the specific grid will set to 0 kcal/mol when the energy of benchmark is higher than the 

highest energy of simulation.

(1)

Data collection of coiled protein structures

Based on our working hypothesis to use coiled regions (or amino acids in the loop regions) 

from crystal structures to model the conformations of disordered amino acids, we 

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

R factor less than 0.25 from the RCSB protein structure databank. The DSSP program was 

utilized to assign the secondary structures and dihedral angles for these proteins.37, 38 

Segments with consecutive three or more residues without any secondary structures were 

defined as ‘coil segments’.39, 40 A total of 278,178 coil segments were collected from the 

protein structure database. A total of 1,075,744 pairs of backbone dihedrals angles were 

collected from these coil segments. Amino acid composition of these coil segments is 

illustrated in Figure 1. It is apparent that order-promoting residues also contained in most 

coil regions. Thus, we hypothesized that it is beneficial to optimize the backbone dihedral 

terms for all 20 amino acids to improve the performance of an IDP-specific force field.

Integration with Amber ff14IDPSFF force field

The CMAP parameters of the 20 residues are organized into an ASCII database file to be 

incorporated into topology files after standard coordinate and topology files are generated 

with the LEaP module. Apparently users must choose ff14SB as the generic protein force 

field to use the database file. A perl script was also developed to facilitate the revision of 

standard Amber topology files. In doing so, standard MD simulations can be executed 

without further modification.

Molecular dynamics simulations

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

the LEaP module in the Amber 14 suite 34. Counter-ions were added to neutralize the 

systems, which were then solvated in a truncated octahedron box of TIP3P water molecules 
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with a buffer of 10 Å.41 In order to compare the effects of solvent models on modeling IDPs, 

TIP4P-EW,42 and TIP5P43 models were also tested in simulations. Long-range electrostatic 

interactions were calculated with Particle Mesh Ewald (PME) algorithm.44 The CUDA 

version of PMEMD45 was used to accelerate the MD simulations. All bonds involving 

hydrogen atoms were constrained with the SHAKE algorithm.46 All systems were relaxed 

for 20,000-step with the steepest descent minimization, then were heat up for 20 ps and 

equilibrated for 20 ps in the NPT ensemble at 298K with PMEMD.

The initial structures of these IDPs were directly extracted from Protein Data Bank in bound 

state, for example, KID (1KDX ), p53 (1YCR), IA3(1DP5), Tau(2MZ7), c-Myb(2AGH), 

αSynuclein (2KKW), and HIVRev (1ETF). To compare the performances of ff14IDPSFF, 
ff14IDPs and ff14SB, five independent trajectories per force field were simulated for each of 

KID, p53, IA3, Tau, c-Myb, αSynuclein, and HIVRev. To further evaluate the force field, 14 

unstructured short peptides were simulated under ff14IDPSFF and ff14SB.27 These were all 

solvated in the TIP3P solvent model. For KID, two modern solvent models (TIP4P-EW and 

TIP5P) were used in simulations with ff14SB to study their effects in IDPs simulations with 

the generic protein force field. The two modern solvent models were also used in 

simulations of all IDPs with ff14IDPSFF to study their overall effects in all tested IDPs. In 

order to compare the performance of CHARMM36m force field for sampling the conformer 

of IDPs47, GROMACS 5.0.4 package was used to simulate five trajectories for apo-

HIVRev48. Lysozyme and ubiquitin, as typical structural proteins, are often used to validate 

generic protein force fields. Thus, they were adopted here to evaluate the performance of 

ff14IDPSFF on simulations of structural proteins. Table 1 summarizes the detail simulation 

conditions for all tested proteins.

Data Analyses

CPPTRAJ in AmberTools14 was used to analyze the root mean square deviations (RMSD), 

fluctuations (RMSF), and backbone dihedral angles.34 Conformational clustering was 

performed with the Kclust program in the MMTSB tool set with default setting.49 The 

secondary structures were assigned with the DSSP program. The experimental values of Cα 
chemical shift data for eight tested systems were downloaded from the BRMB database50 

and the access numbers were shown in Table 1. Cα chemical shift data for the test systems 

were calculated with SPARTA version 1.01.51, 52 And N-H order parameters (S2) were 

calculated with the Karplus equation.53 The helicity was computed as documented in the 

literature.10 Clustered conformations are used in cumulative average calculation of chemical 

shifts and order parameters from the most populated to the least populated.52 Averaging is 

observed to converge after about 70% of the clusters are used in all calculations.

Results and Discussion

CMAP parameter optimization

An iterative optimization was conducted to obtain the CMAP parameters of each residue to 

improve the agreement between simulated backbone distributions and database backbone 

distributions. The root-mean-squared deviations of population (RMSp) of these 

optimizations are shown in Figure 2. It shows that the RMSp for 20 amino acids between 
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CMAP0 (ff14SB) and the benchmark are higher than 0.278%. After the optimization, the 

RMSp’s for 18 amino acids between the best CMAP parameter set and the benchmark are 

less than 0.087%, the RMSp is reduced to 0.154% for Pro, and reduced to 0.130% for Trp. 

The distribution of phi/psi for coil segments of benchmark, ff14SB, and ff14IDPSFF of 20 

amino acids are shown in supplementary Figure S1.

Overview of Force Field Validation: Comparison with NMR

To validate the performance of IDP-specific force field ff14IDPSFF on modeling IDPs, 

seven intrinsically disordered proteins: KID, p53, IA3, Tau, c-Myb, αSyn, and HIVRev were 

simulated in ff14SB, ff14IDPs, and ff14IDPSFF, respectively. For these MD simulations, 

conformational clusters over accumulated simulation time (0–50ns, 0–55ns, 0–60ns, 0–65ns, 

and so on) were monitored to evaluate the convergence of conformational sampling 

(supplementary Figure S2). This analysis suggests that the numbers of clusters do not 

change significantly at the end of the simulations, indicating that the chosen simulation 

lengths are appropriate for sampling these IDPs.

A detailed comparison between predicted values and measured values of the backbone Cα 
chemical shifts for these IDPs is shown in Figure 3 and Figure S2 for the unstructured short 

peptides. A summary of the RMSD’s between prediction and measurement is listed in Table 

2. Inspection of Table 2 shows a clear trend of reducing RMSD’s with respect to NMR from 

ff14SB to ff14IDPs and finally to ff14IDPSFF. This confirms our systematic strategy to 

correct the biases imbedded in generic protein force fields by targeting the coil regions of 

known protein structures. Among these IDPs, IA3 is also investigated by Mei and co-

workers with AMBER99SB2D force field and the helical structure rapidly unfolds, whose 

simulations are extended to 1000 ns.54 For unstructured short peptides, the RMSD’s 

between predicted and measured chemical shifts for ff14IDPSFF are also significantly less 

than those for ff14SB. Of course there are still some differences between simulation and 

experiment, with the largest deviations mainly in KID and HIVRev. At the same time, 

CHARMM36m was also used to explore the conformer sampling for HIVRev. The RMSD 

of secondary chemical shift between simulation and experiment for CHARMM36m was 

1.393ppm and larger than that for ff14IDPSFF (shown in supplementary Figure S3). 

Inspection of their sequences show that the deviated regions have higher number of charged 

residues. Thus, the somehow larger discrepancy is potentially due to the presence of long-

lasting salt bridging interactions. Detailed structural analysis will be discussed below.

Structural Distribution of KID

Figure 4 shows the results of backbone RMSD, PMF landscapes, average helicity, and 

secondary Cα chemical shift for KID simulated with ff14IDPSFF, ff14IDPs and ff14SB. 

The free energy landscapes with reaction coordinates of Rg and RMSD show the 

distributions of conformers with the three different force fields. It is apparent that the 

populated conformational space with ff14IDPSFF is the largest among the three, indicating 

more heterogeneous structures visited with ff14IDPSFF.

To further illustrate the performance of IDP-specific force field ff14IDPSFF in terms of 

conformational clustering, top 8 clusters and their occupancies with ff14SB, ff14IDPs, and 
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ff14IDPSFF are shown in Figure 5. The top 8 clusters with ff14SB occupy 99.93% of 

sampled snapshots. All conformers have stable tertiary structure and include high percentage 

of α-helix. The top 8 clusters with ff14IDPs only occupy 58.94% of sampled snapshots with 

partly disordered structures. Furthermore, the top 8 conformational clusters with 

ff14IDPSFF occupy less than 40.54% of sampled snapshots. Most conformers show 

disordered state and include few secondary structural elements especially in helix αB, in 

agreement with the findings by Ishwar et al.18

It is apparent that ff14IDPSFF significantly improves the prediction of chemical shifts of 

helix αA as in Figure 3A. However, there are still some noticeable differences between 

experiment and simulation for helix αB. Inspection of Figure 3A shows that the largest 

deviations (over 1ppm) are located nearby Arg, Lys, Ile, and Leu. These could be due to 

over-stabilized salt bridges and/or hydrophobic interactions. The salt bridging interactions 

within KID were monitored and shown in Figure 6. The convergences of salt bridge 

interactions are shown in Figure S5. Figure 6 indicates that more salt bridges are formed in 

αB, preventing it from entering the disordered state. This is the case even if both helices 

have similar presence of ionizable amino acids.

Structural Distribution of HIVRev

HIVRev has a high proportion of charged residues (10 out of 21). Top 8 conformational 

clusters and free energy landscapes with ff14IDPSFF, ff14IDPs and ff14SB are shown in 

Figure 7. It was found that the top 8 clusters with ff14SB occupy 98.78% of the snapshots. 

All of the conformers include high percentage of helical structures. The top 8 clusters with 

ff14IDPs only occupy 29.44% of the snapshots with partially disordered structures. 

Furthermore, the top 8 clusters with ff14IDPSFF occupy less than 24.16% of the snapshots, 

all showing a high proportion of disordered structures. The free energy landscapes with the 

reaction coordinates of Rg and RMSD indicate that the conformational space sampled with 

ff14IDPSFF is the largest among all three force fields.

HIVRev is the second case with large deviations (1ppm) from experimental chemical shifts. 

Furthermore, this is the case that ff14IDPSFF produces structures too unstable. Given the 

over-presence of charge residues, we again hypothesized that the sampling of salt bridge 

interactions is the cause. The distributions of salt bridges are shown in Figure 8. Again their 

convergences are shown in Figure S5. Overall, the salt bridge populations are the lowest 

with ff14IDPSFF. Nevertheless, salt bridges nearby the N-terminal region are probably 

modeled well. The main discrepancy is in the C-terminal region where multiple arginines are 

competing with the sole glutamate (E18). Combining the cases in KID and HIVRev, the 

likely reason behind these two large opposite deviations from experiment indicates that there 

are still further rooms for improvement in our ongoing force field development targeting 

disordered proteins. Certainly, solvent model should be another effect to the salt-bridge 

interaction. Therefore, the combination of force field and solvent model are the next work 

for further improvement.
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Structural Distribution of c-Myb

c-Myb is another intrinsically disordered proteins which play key roles in cellular 

proliferation of immature hematopoietic cells.55 The simulation results of top 8 clusters and 

PMF landscapes with ff14IDPSFF, ff14IDPs and ff14SB are shown in Figure 9. It was found 

that the top 8 clusters with ff14SB occupy 97.0% of the snapshots. All of the conformers 

stay highly structured and include high percentage of helical structure. The top 8 clusters 

with ff14IDPs only occupy 35.54% of the snapshots with partly disordered structures. 

Furthermore, the top 8 clusters with ff14IDPSFF occupy less than 28.82% of the snapshots 

with all conformers showing disordered structures, which is in agreement with experiment.23 

The free energy landscapes show populated conformational space with ff14IDPSFF is the 

largest among these force fields. The simulated helicity (I295-L309 shown in Figure S6) 

with ff14IDPSFF also agrees with experiment the best among the tested force fields.23

Structural Distribution of Tau

Tau is a highly soluble protein associated with microtubule. It interacts with tubulin to 

stabilize microtubules and promote tubulin assembly into microtubules.56 Aggregation of 

Tau induces nervous system diseases such as Alzheimer's disease and Parkinson's disease.57 

Previous work indicates that Tau has the characteristics of natively disordered proteins.58 

Conformational clustering and free energy landscape of Tau are shown in Figure 10. The top 

8 clusters with ff14SB occupy 29.80% of conformational ensemble, 20.28% with ff14IDPs, 

and 29.40% with ff14IDPSFF. To our surprise, β structures are present in 6 out of the top 8 

clusters from ff14IDPSFF simulations. This indicates that diverse β structures may be 

readily accessible at the physiological condition, consistent with previous experimental 

observations that Tau aggregates as β sheet structures.59, 60

Effects of Solvent Models in Simulations of IDPs

To illustrate the influence of solvent models with generic protein force fields in simulation 

of IDPs, we tested TIP3P, TIP4P-EW, and TIP5P models with ff14SB in the simulation of 

KID. The comparison between MD simulation and NMR measurement is shown in Figure 

11A. These data show differences due to the use of different solvent models do exist, though 

the effect is small in the final agreement between simulation and experiment. Therefore, 

force field correction is necessary for improved structural sampling of IDPs.

Nevertheless, the small effects of solvent models may be masked by the biases in generic 

protein force fields. We thus hypothesized that the solvent model may exert a larger role in 

simulations in IDPs with ff14IDPSFF. To verify this hypothesis, MD simulations of KID 

with TIP3P, TIP4P-EW, and TIP5P solvent models were conducted in ff14IDPSFF, 

respectively. The comparison with NMR experiment is shown in Figure 11B. The analysis 

suggests that the ff14IDPSFF with the modern solvent models of TIP4P-EW and TIP5P do 

not improve the agreement with experimental measurement. The helicities of αA (D120 ~ 

S129) and αB (Y134 ~ D144) of KID under different force fields and solvent models were 

also analyzed and shown in Figure 12. The red dash lines represent the ranges of 

experimental helicity reported by Ishwar and coworkers,18 with the helicity of αA between 

50% and 60% and that of αB around 10%. The simulated helicity of αA with ff14IDPSFF/

TIP3P is in reasonable agreement with experiment and that with ff14IDPs/TIP3P is the best. 
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For αB, the result with ff14IDPSFF/TIP3P still agrees with experiment the best. These 

detailed comparison between simulation and experiment for KID further supports the 

accuracy of ff14IDPSFF with the TIP3P solvent in modeling IDPs structures.

Finally the influence of solvent models in simulations in ff14IDPSFF was analyzed for all 

other IDPs. Table 3 summarizes the RMSD’s of Cα chemical shifts for all MD simulations 

in different solvent models for all tested IDPs. Except p53, the performance of the TIP3P 

solvent model for all IDPs remains the best when combined with the ff14IDPSFF force field, 

consistent with the detailed case study presented above. It is possible that the use of TIP3P 

in the optimization of ff14IDPSFF against the benchmark data contributed to the overall 

better performance of the TIP3P solvent model. Thus our future efforts will also explore 

optimizing the IDPs force field with the modern solvent models.

Performance on Structured Proteins: Lysozyme and Ubiquitin

Given that ff14IDPSFF performs better in the simulations of IDPs, a natural question to ask 

is whether the better performance is at the cost of modeling structured proteins poorly. To 

address this question, two typical model proteins (lysozyme and ubiquitin) were tested in 

MD simulations with identical conditions used in IDPs simulations. The simulation data for 

lysozyme with ff14IDPSFF, ff14IDPs, and ff14SB are shown in Figure S7. The agreements 

of simulated Cα chemical shifts with experiment are very similar among simulations with 

ff14IDPSFF, ff14SB, and ff14IDPs. This indicates that ff14IDPSFF can model the folded/

ordered protein structures such as lysozyme. Similar observation can also be noted for the 

ubiquitin simulation (Figure S8). In addition the NMR order parameters (S2) for lysozyme 

and ubiquitin were used to study the quality of backbone dynamical properties in 

simulations with ff14IDPSFF, ff14SB and ff14IDPs (Figure S9). Again, similar agreements 

with experiment are apparent.

Finally the alignments between crystal structure and the mean simulated structures (snapshot 

closest to the mean) for lysozyme and ubiquitin are shown in Figure S10 and residue-

specific deviations are shown in Figure S11. Overall three forces fields perform very 

similarly in reproducing the crystal structure all with sub-Angstrom overall Cα RMSD. 

Figure S11 shows that detailed backbone structural features are also highly similar in all 

three sets of simulations. Worth pointing out is that most loop regions are modeled best or 

among the best with ff14IDPSFF within the three tested force fields, supporting our practice 

of targeting coil regions in the refinement of backbone dihedral terms. Surprisingly, the 

better agreement in the loop regions are not at the cost of reducing the agreement in ordered 

secondary structures. Of course, noticeable worse agreement is also found in the short coil 

around D101 in lysozyme. This is not unexpected since short fragments are not covered in 

our benchmark dataset and will be analyzed in detail in our future development of IDPs 

force fields.

Conclusion

Based on our previous efforts in developing IDPs-specific force fields, we hypothesized that 

it is beneficial to optimize the backbone dihedral terms for all 20 amino acids to improve the 

performance of an IDP-specific force field. We followed the same CMAP optimization 
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procedure starting from the generic protein force field ff14SB to develop the IDP-specific 

ff14IDPSFF force field.

Test results of seven IDPs show a clear trend of reducing chemical shift RMSD’s with 

respect to NMR from ff14SB to ff14IDPs and finally to ff14IDPSFF. Testing with fourteen 

unstructured short peptides suggests that the simulated Cα chemical shifts with the 

ff14IDPSFF force field are also in very good agreement with experimental NMR 

measurements. Furthermore, ff14IDPSFF produces diverse β-sheet conformers for the Tau 

protein, consistent with previous experimental observations that Tau aggregates as β sheet 

structures. These results confirm our systematic strategy to correct the biases imbedded in 

generic protein force fields by targeting the coil regions of known protein structures. The 

effect of solvent models is investigated and found to play less significant roles in simulations 

of IDPs. Except p53, the performance of TIP3P solvent model for all IDPs is the best when 

combined with the ff14IDPSFF force field. Finally, our simulation results show that 

ff14IDPSFF can be used to model structural and dynamical properties of tested proteins.

These findings confirm that the newly developed IDP-specific ff14IDPSFF force field is a 

robust model for modeling IDPs. Nevertheless, further improvements are possible to reduce 

biases in the direction of either too ordered or too disordered in these tested IDPs. It is also 

instructive to explore IDP-specific force field better compatible with modern solvent models. 

Given that the discrepancy with experiment has been reduced dramatically, it is desirable to 

apply enhanced sampling techniques in development and application of future IDPs force 

fields. Eliminating these biases and improving compatibility with modern solvent models 

will be our immediate efforts next step.
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Figure 1. 
Amino acid composition of coil segments.
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Figure 2. 
RMSD of populations between simulation and benchmark for 20 amino acids versus 

optimization iteration steps.
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Figure 3. 
Comparison of Cα chemical shifts between MD simulation and NMR experiment. A: Apo-

KID. B: Apo-c-Myb. C: Apo-Tau. D: Apo-IA3. E: Apo-p53. F: Apo-HIVRev. G: Apo-

αSynuclein.
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Figure 4. 
Cα RMSDs and free energy landscapes for apo-KID derived from simulations with 

ff14IDPSFF, ff14IDPs, and ff14SB. (A) Cα RMSD for all five independent trajectories. (B) 

Free energy landscapes over radius of gyration (Rg) and RMSD.
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Figure 5. 
Representative conformers of top 8 clusters and their occupancies for apo-KID derived from 

simulations with ff14IDPSFF, ff14IDPs, and ff14SB.
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Figure 6. 
Salt bridge interactions within apo-KID.
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Figure 7. 
Top 8 clusters and free energy landscapes for apo-HIVRev derived from simulations with 

ff14IDPSFF, ff14IDPs and ff14SB. (A) Top 8 clusters and their occupancies. (B) Free 

energy landscape over radius of gyration (Rg) and RMSD.
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Figure 8. 
Salt bridge interactions within HIVRev.
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Figure 9. 
Top 8 clusters and free energy landscapes for Apo-c-Myb derived from simulations with 

ff14IDPSFF, ff14IDPs and ff14SB. (A) Top 8 clusters and their occupancies. (B) Free 

energy landscapes over radius of gyration (Rg) and RMSD.
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Figure 10. 
Top 8 clusters and free energy landscapes for Apo-Tau derived from simulations with 

ff14IDPSFF, ff14IDPs and ff14SB. (A) Top 8 clusters and their occupancies. (B) Free 

energy landscape over radius of gyration (Rg) and RMSD.
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Figure 11. 
Influences of solvent models to simulations of IDPs in ff14SB and ff14IDPSFF. A: ff14SB. 

B: ff14IDPSFF.
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Figure 12. 
Helicity of αA and αB in apo-KID from simulations with ff14SB, ff14IDPs, ff14IDPSFF 
force fields solvated in either TIP3P, TIP4P/EW, or TIP5P models.
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Table 2

RMSD (ppm) of Cα chemical shifts between predicted simulation and NMR experiment

Name ff14SB ff14IDPs ff14IDPSFF

Apo-KID 1.776 1.397 0.559

Apo-c-Myb 1.958 1.131 0.474

Apo-Tau 1.425 0.913 0.547

Apo-IA3 2.163 1.515 0.513

Apo-αSynuclein 0.583 0.402 0.393

Apo-p53 1.360 1.203 0.725

Apo-HIVRev 1.460 0.764 0.591

pepK 0.610 - 0.170

pepL 0.680 - 0.180

pepQ 0.770 - 0.200

pepG 0.450 - 0.340

pepT 0.600 - 0.230

pepY 0.590 - 0.220

pepD 0.980 - 0.310

pepE 1.090 - 0.230

pepH 0.550 - 0.290

pepN 0.640 - 0.220

pepI 1.210 - 0.260

pepP 0.890 - 0.320

pepV 0.920 - 0.290

pepW 0.460 - 0.290
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Table 3

RMSD (ppm) of Cα chemical shifts between simulation and NMR experiment with ff14IDPSFF in three 

solvent models

IDPs TIP3P TIP4P-EW TIP5P

Apo-KID 0.559 0.740 1.193

Apo-c-Myb 0.474 0.692 1.176

Apo-Tau 0.547 0.585 1.008

Apo-IA3 0.513 0.601 1.044

Apo-αSynuclein 0.393 0.434 0.412

Apo-p53 0.725 0.682 0.504

Apo-HIVRev 0.591 0.775 1.342
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