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Abstract

Intrinsically disordered proteins (IDPs) are proteins which lack of specific tertiary structure and
unable to fold spontaneously without the partner binding. These IDPs are found to associate with
various diseases, such as diabetes, cancer, and neurodegenerative diseases. However, current
widely used force fields, such as f99SB, ff14SB, OPLS/AA, and CharmmZ27 are insufficient in
sampling the conformational characters of IDPs. In this study, the CMAP method was used to
correct the ¢/ distributions of disorder-promoting amino acids. The simulation results show that
the force filed parameters (##24/DPs) can improve the ¢/ distributions of the disorder-promoting
amino acids, with RMSD less than 0.10% relative to the benchmark data of IDPs. Further test
suggests that the calculated secondary chemical shifts under 7#74/DPs force field are in
quantitative agreement with the data of NMR experiment for five tested systems. In addition, the
simulation results show that ffZ4/DPs can still be used to model structural proteins, such as tested
lysozyme and ubiquitin, with better performance in coil regions than the original general Amber
force field ff14SB. These findings confirm that the newly developed Amber /f14/DPs force field is
a robust model for improving the conformation sampling of 1DPs.

Keywords
IDPs; CMAP correction; ff141DPs; force field

Introduction

Intrinsically disordered proteins (IDPs) or intrinsically disordered protein regions are
characterized by lack specific tertiary structure and unable to fold spontaneously into
globular three-dimensional structures without partner binding.! The results from human
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proteomes suggest that there are 35-50% of proteins with more than 40 consecutive
disordered residues. 3 Furthermore, IDPs have been found to be included in many
biological processes, such as regulation, recognition, cell cycle control, and signaling.* For
example, the N terminal and C terminal domains of tumor suppressor p53 are intrinsically
disordered and p53 is found in multiple signaling pathways.>8 Disease-associated proteins
are also rich in predicted disordered regions.? Thus it is essential to research the structure-
function of IDPs.

Since IDPs cannot spontaneously fold into stable tertiary structure without binding to their
partners, the key experimental method for exploring the dynamics conformation of IDPs is
NMR spectroscopy.! In addition, molecular dynamics simulation can be used to reveal the
structural continuum of IDPs, from tightly folded single domains and multidomain proteins
with flexible or disordered regions, to disordered molten globules, highly extended, and
heterogeneous unstructured states. Force field plays a key role in applications of MD
simulations. However our previous studies show that most protein force fields could not
reproduce the flexible conformers of intrinsically disordered proteins due to their original
intended applications of folded proteins.10 Other researchers also reached similar
conclusions regarding the use of existing force fields for sampling 1DPs.11-13 To overcome
these limitations, optimized water model and specific modification of protein—water
Lennard-Jones parameters were used to simulate IDPs.11-14 These studies also suggest that
redesigning and reparameterizing the protein force field would be required.13

Previous experimental study shows that the X-ray-, NMR-, and CD-characterized disordered
segments have similar amino acid compositions and are significant different from ordered
segments.1® These residues of G, A, S, P, R, Q, E, and K are enriched in disorder regions
and named disorder-promoting amino acids. To improve the performance of existing force
fields, an Amber force field (/f99/DPs)was developed to correct the main chain torsional
distributions for these disorder promoting residues. Our tests on the multiple representative
IDPs show that /f99/DPs better reproduces the conformers of IDPs than its generic
counterpart, ff995Bildn. 16

In order to improve the accuracy of conformational sampling for structural proteins, the
Amber ff14SB force field was recently developed to refine the protein side chain and
backbone torsion terms17 and improved secondary structure content in small peptides and
reproduced NMR measurements for proteins in solution. In this study, we intend to refresh
our IDPs-specific force field to bring it up-to-date with the generic protein force field
ff14SB. Indeed, our tests of the generic force fields with multiple IDPs, such as measles
virus nucleoprotein (MeV Nz4y,) in apo state;18-23 N-terminal domain of free p53,24 25
arginine-rich HIV-1 Rev (HIVRev),26 aspartic proteinase inhibitor 1A3,2” and a.-synuclein,28
show that ff99SB, ff14SB, OPLS/AA, and CHARMMZ7 are all insufficient in sampling the
conformational characteristics of IDPs. Based on these tests, we updated our IDPs force
field (termed 7f14/DPs) to be consistent with the latest generic force field. Our tests show
that 7f14/DPs leads to diverse disordered conformers for the five tested IDPs. Furthermore,
predicted secondary chemical shifts of 7#14/DPs are in agreement with those of experimental
measures. In addition, both ff14/DPsand ff14SB force fields can sample the conformers of
structural proteins.

Chem Biol Drug Des. Author manuscript; available in PMC 2017 June 22.
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The hypothesis in developing a special-purpose force field for IDPs

Previous work suggests that disordered segments have similar amino acid compositions and
are different from ordered segments.® We hypothesized that the torsional terms of the eight
disorder-promoting amino acids could be altered to improve the sampling of IDPs by the
generic protein force fields. 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 from crystal structures to model the
conformations of disordered amino acids in the construction of an IDP-specific force field.
Here the coil regions are these residues without in any secondary structure as defined by
DSSP.2% Obviously there is a difference between the coiled amino acids and disordered
amino acids. However, there are reports that intrinsically disordered proteins can be divided
into intrinsically pre-molten globules and intrinsically random coils based on their
conformational properties.3% 31 The final validation of the adopted strategy is the
reproduction of experimental properties as to be shown below.

Data collection of disordered protein

17,540 structures with sequence identity less than 30% and R factor less than 0.25 were
extracted from PDB database. The secondary structures and dihedral angles of these
structures were calculated with DSSP32: 33, The definition of IDPs benchmark is consecutive
five or more residues classified as “coil structure”, i.e. without any secondary structure
assignment in DSSP.2% 34. 35 Our previous work confirms the reasonability for five or more
consecutive residues with coil structure as training data for IDPs.10 The statistical results are
shown in Figure 1. In summary, 54,838 coil fragments containing 346,335 pairs of backbone
dihedrals for eight disorder-promoting amino acids were collected.

CMAP method

In order to evaluate the hypothesis, CMAP energy correction term 36-38 was utilized to
minimize the difference of the dihedral distributions between disorder promoting residues
and IDPs benchmark. This method is previously integrated in the CHARMM software
package and was ported to the Amber simulation package.3% 40 To correct the dihedral
energy of disorder promoting residues, Ecpap energy term was introduced into the potential
energy function of AMBER, as shown in Eq. 1.

Eyni=Eguss T Ecuar @

We corrected the dihedral distribution with Ecpap for the eight disorder-promoting amino
acids and other amino acids remain the same to that of the previous force field /f74SB. The
di-peptide models (Nme-X-Ace, Nme means aminomethyl, X means a certain amino acid,
Ace represents acetyl) were used in this study. Similar models were also applied in the
previous Amber force field /#1458 developments.41: 42
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The method of CMAP correction for IDPs is described in our previous work,10 and will be
briefly introduced here. The CMAP is a matrix of corrections between grid points with a
two-dimensional bicubic interpolation method.38 Root mean square deviations of dihedral
population between MD and benchmark populations were used to quantitatively evaluate the
distribution difference. In order to obtain the convergence of RMSp, an optimization was
conducted for every disorder-promoting amino acid. Up to seven iteration steps were used to
optimize the parameters for the eight disorder-promoting amino acids. At each iteration step,
the dipeptides were simulated 100ns to collect conformations.

Integrating with Amber ff14SB force field

The CMAP parameters of the eight disorder-promoting amino acids were created and
integrated into a text file. Therefore, 7f14/DPs force field can easily be used to process these
disorder-promoting amino acids. Firstly, LEaP module was used to build standard topology
and coordinate files under 7f14SB. Secondly, the parameters of CMAP term were added to
the standard topology file. Finally, the standard simulation can be performed with Amber
package.

Molecular dynamics simulations

All IDPs were simulated and processed with AMBER12.40 LEaP module was used to create
the di-peptide models for eight disorder-promoting amino acids. Counter-ions were
introduced to maintain system neutrality. A truncated octahedron box of TIP3P waters was
used to solvate all systems with a buffer of 10 A. Long-range electrostatic interactions were
calculated with Particle Mesh Ewald (PME)*2 algorithm.*0 CUDA version of PMEMD#**
was used to accelerate the MD simulations. The bonds involving hydrogen atoms were
constrained with the SHAKE algorithm.#> All systems were minimized for 20,000-step with
steepest descent method, then with heating for 20 ps and equilibrating for 20 ps in the NVT
ensemble at room temperature.

To compare the performances between 7#14/DPs and ff145Bto sample IDPs, ten individual
trajectories for each system were created for bound and free MeV N7y, free p53, free
HIVRey, free A3, and free-aSyn, under both force fields. 140 ns simulations were needed
for the convergence of apo-HIVRev, and 100 ns for the other systems. Lysozyme and
ubiquitin, as structural proteins, are usually used to test the previous force fields. Therefore
they were also applied to evaluate the compatibility of 7774/DPs on structural proteins. Ten
trajectories and 100ns are sufficient for the sample and equilibration under both force fields.
In order to compare the performance of OPLS/AA force field for sampling the conformer of
IDPs, GROMACS 5.0.4 package was used to simulate five trajectories for apo-HIVRev.%6 At
the same time, CharmmZ27 force field was also used to sample the conformers of apo-
HIVRev.4’ Total 9.8 /s trajectories for seven test systems were simulated at 298K with about
4,600 GPU hours. Table 1 is gathered the simulation conditions for these systems.

Data Analyses

PTRAJ module was used to process the routine analysis of conformational sampling.4°
Kclust program with the mode of phi and radius of 30 degree in the MMTSB tool set was
performed the structural clustering.*8 DSSP was used to assign the secondary

Chem Biol Drug Des. Author manuscript; available in PMC 2017 June 22.
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structures.32: 33 The experimental values of secondary chemical shift data for seven tested
systems were extracted from the BRMB database?® and the access numbers are shown in
Table 1. SPARTA version 1.01 was used to calculate secondary chemical shift data for test
systems.®0 N-H order parameters (S9) were calculated with the Karplus equation.>! NOE
parameters were calculated using the method in the previous work.52 The literature method
was used to calculate the helicity content.10

Results and Discussion

Database statistics

Previous study shows that there are eight disorder-promoting residues and are enriched in
disorder regions. We hypothesized that correction of the main-chain dihedral terms of these
residues could improve the sampling of IDPs. To evaluate the strategy, we processed the
following statistics of the main-chain dihedral angle distributions for these residues. The
differences of dihedral distributions between benchmark of IDPs and CMAP correction for
Glu, Lys and Pro are shown in Figure 2. The RMSp between the dihedral distributions of
benchmark of IDPs and 71458 is about 0.6135%, 0.3834%, and 0.3857%, for Glu, Lys, and
Pro, respectively. The Pvalues of two-sample KS test are less than 0.001, which suggests the
significant differences for the distributions. In order to compare the difference of dihedral
distribution for Glu, Lys, and Pro from coiled and structured regions of PDB, the ®/¥
distributions are shown in Figure S1 (supplementary). This figure indicates that the ®/¥
distributions of coiled regions are significantly different from structured regions. For
example, the most popular distribution of Glu mainly adopts the PPII conformer in coil
regions, while it adopts the other conformer in the structured regions.

CMAP energy term optimization

The RMSp gradually decreases between CMAP optimization and benchmark of IDPs for the
eight disorder-promoting amino acids and the value remains stable after seven iteration
steps. The supplementary Figure S2 shows the PMF differences for eight disorder-promoting
amino acids between 71458 and final CMAP. The results suggest that the PMF differences
are significant. The iterative optimization processes are shown in Figure 3. This suggests
that the optimized CMAP reproduces the distribution of disorder-promoting amino acids
comparing with that of IDPs benchmark.

Force Field Validation

Five representative intrinsically disordered proteins (MeV N4, 53, HIVRey, 1Az, and
aSyn) were used to evaluate the performance of 7#14/DPs. MeV Ny, could fold into
highly ordered a-helices upon binding to XD domain of measles virus phosphoprotein.>3
HIVRev includes 17 disorder-promoting amino acids over 21 residues. On the contrary, 1A3
has 14 order-promoting amino acids over 31-mer polypeptide. aSyn is an another type of
IDPs combined with a long structured region. These five IDPs were extensively simulated in
ff141DPs and ff14SB. In summary, 5 independent trajectories were simulated for each
protein with ff14/DPs and ff14SB force fields. The secondary chemical shift and other NMR
parameters were calculated and compared with experimental observations. The

Chem Biol Drug Des. Author manuscript; available in PMC 2017 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 6

performances of 7f14/DPsand ff14SB were also compared for structural bound MeV which
experimental data are available.

In order to evaluate the convergence of sampled conformers, the conformer clusters over
increasing simulation time (0-50 ns, 0-55 ns, 0-60 ns, etc) was analyzed (Figure 4). The
conformer cluster number did not increase after 140 ns, indicating that apo-HIVRev
becomes dynamics equilibration. While the numbers of conformer cluster remain stable after
100 ns. This indicates that 100 ns simulation samples enough diverse conformations of other
IDPs systems.

HIV Rev ARM (HIVRev)—RMSD, RMSF, secondary chemical shift, conformer
clustering, and the helicity under ff14/DPs and ff14SB force fields are shown in Figure 5.
Top 10 conformer clusters under 7#74/DPs occupy 31.18% of conformation ensemble (top
89 for 70%). Most conformers include high ratio of disordered regions. However, top 10
conformer clusters under ff14SB occupy up to 99.94% of the conformation ensemble (top 2
for 70%). This suggests that the structural clusters are significant different under two force
fields. The potential of mean force (PMF) free energy landscapes with the reaction
coordinates of the radius of gyration (RG) and RMSD (Figure 5C) show that the distribution
of conformer from ff14/DPs is between RMSD at 1~10 A and RG at 9 A ~18 A, and
between RMSD at 1~8 A and RG at 9 A ~12 A for f145B. This suggests that ff14/DPs
samples more diverse flexible disordered conformers than 7f14SB, which is consistent with
the conformer clustering analysis. The helicity of free HIVRev is shown in Figure 5E. This
figure shows that /f214/DPs reproduces significantly lower helical secondary structures than
ff14SB. The experimental and computational J-coupling constants for HIVRev are shown in
supplementary Figure S3. This figure suggests that the prediction from ff14/DPsis more
similar to experiment than that from ff714SB. The representative structures from the clusters
occupying no less than 70% conformations were used to calculate the secondary Ca
chemical shifts. The full length RMSD between calculated and experimental chemical shifts
(shown in Figure 5F) was 0.738 ppm for f#14/DPs, 1.499 ppm for ff14SB, 1.054 ppm for the
OPL S force field, and 1.543 ppm for the CharmmZ27force field, respectively. This indicates
that the performance of 7£14/DPs for reproducing the chemical shifts is better than that of
ff145B, OPLS, and CharmmZ27. Comparison with ff99/DPs (0.676 ppm) shows that the full
length RMSD of secondary chemical shift for ff4/DPsis slightly larger,16 highlighting the
effect of the refinement in the side chain terms in the newer Amber force fields.

Apo-p53 TAD—To further compare the performance between 7f74/DPs and ff14SB on
sampling IDPs, multiple trajectories were simulated on the free p53 (residues 17-29),
respectively. The analysis results are shown in Figure 6. The RMSF from 714/DPs
demonstrates slightly larger than that from /#14SB.

Conformer clusters were also applied to explore the heterogeneity of p53 conformers. Figure
6 shows the representative conformers of top 10 clusters under ff14SB and ff14/DPs. The
top 10 conformers from 71458 and ff14/DPs occupy 79.05% and 52.30% of the total
conformers, respectively. The results suggest that 7774/DPs samples more heterogeneous
conformations than f#745B.54 The helicity content of p53 is shown in Figure 6E. The
helicity content for L22-L.25 under /f14/DPsis 31.61%, 56.07% under f#14SB, and about

Chem Biol Drug Des. Author manuscript; available in PMC 2017 June 22.
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30% from NHN RDCs experiment24. This shows that the ff14/DPs data is in quantitative
agree with that of experiment. However, the helicity content under /f14SB is clearly over-
estimated. The representative conformers and their occupancies were used to calculate the
secondary chemical shifts. The full length RMSD was 0.966 ppm for ffZ4/DPsand 1.146
ppm for ff145B, respectively. This indicates that the secondary chemical shifts from
ff14/DPs are more approach to experiment data than those from 7f74SB. It is also interested
to note that the full length RMSD for 7f14/DPs s slightly smaller than that for /f99/DPs
(1.032 ppm). However, the significant difference is focused on the N-terminal domain
between experiment and prediction from ff141DPs. After the analysis of residue
composition, we found that most residues (T, F, S, and D) are not disordered promoting
residues and have not the parameters of CMAP correction. Therefore, specific CMAP
corrections based on each type of residues should be necessary in the next version of force
field.

a-Synuclein (aSyn)—The NMR structures of aSyn include a disordered and two long a-
helices region.>® To test the performance of ff14/DPs, we just analyzed the character of
disordered region (Res. 95-140). The analyzed results are shown in Figure 7. The top 10
conformer clusters occupy 14.18% (7f14/DPs) and 33.66% (7f14SB), respectively. As shown
in Figure 7G, ff14/DPs samples extensively disordered conformers; however, ff14SB creates
partially helical conformers. The Rg value of alpha-synuclein under ff14/DPsis 18.33A and
17.54A under ff14SB. This suggests that the fZ4/DPs simulation is closer to NMR®,
Similar to HIVRev and p53, representative structures and their occupancy were used to
predict the secondary Ca chemical shifts. At the same time, these data were directly
compared with the values of NMR experiment. The full length RMSD is 0.455 ppm for
ff14/DPs and 0.566 ppm for ff14SB, respectively. This further suggests that the secondary
chemical shifts from ff14/DPs are more approach to experiment data than those from
ff14SB. Finally the full length RMSD for f14/DPs s slightly smaller than that for 7f99/DPs
(0.472 ppm).16

Aspartic Proteinase Inhibitor (IAz)—The RMSD, RMSF, PMF landscapes, secondary
chemical shift, average helicity, and conformer clustering of apo-1A3 under 7f14/DPs and
ff145B are shown in supplementary Figure S4. The ratio of top 10 conformer clusters under
ff14/1DPs is 53.10% of the total conformations (top 24 for 70%). The representative
conformers of 8 clusters include high ratio of coiled regions. However, top 10 clusters under
ff14SB occupy up to 87.90% of the conformation ensemble (top 6 for 70%) and the ratio of
disordered structures is much lower than those under 14/DPs. The PMF landscapes
between the radius of gyration (Rg) and RMSD (supplementary Figure S4C) show that the
conformer distribution from 7f14/DPs is between Rg at 8 A ~21 A and RMSD at 1~13 A,
and between RG at 8 A ~18 A and RMSD at 1~13 A from ##14SB. This suggests that
ff14/1DPs improves the conformer sampling of IDPs, which is in accord to the conformer
clustering. Representative conformers and their occupancies were used to predict the
secondary Ca chemical shifts and shown in supplementary Figure S4F. The RMSD between
calculated and experimental chemical shifts was 1.175 ppm for ffZ4/DPsand 2.061 ppm for
ff14SB, respectively. Thus the conformer sampling from 724/DPs is more approach to NMR
data than that from 714SB. Furthermore, the full length RMSD of chemical shifts for

Chem Biol Drug Des. Author manuscript; available in PMC 2017 June 22.
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ff14/DPs is similar to that for #799/DPs (1.121 ppm).16 The helicity of apo-1A3 is shown in
supplementary Figure S4E. This figure indicates that /#74/DPs samples significant lower
ratio of helical structures than 7f14SB.

MeV Nt1a . —RMSD, RMSF, PMF landscapes, average helicity, secondary Ca chemical
shift, and conformer clustering for MeV Nty under f14/DPs and ff14SB are shown in
supplementary Figure S5. The PMF landscapes show that the conformer space from
ff14/DPs is between RMSD at 1~10 A and RG at 7 A ~15 A, and between RMSD at 1~9 A
and RG at 7 A ~12 A for f14SB. This indicates that 7fZ4/DPs could sample more
disordered conformers than f74SB. Ca RMSFs in ff14/DPs are larger than those in f14SB,
which suggests ff14/DPs introducing a larger conformational adjustment (supplementary
Figure S5D). The helicity of MeV is shown in supplementary Figure S5E. This figure
indicates that /#7458 samples more helical structures than 77Z4/DPs. The helicity content is
28.56% under f714/DPs, 62.89% under ff145B, and 26.36% from NMR experiment.>3 This
suggests that the helicity content under #74/DPs is in quantitative agree with that of
experiment. However, the helicity content under 777458 is also over-estimated. Furthermore,
more flexible conformers for 7£14/DPs can also be found in structural clustering. Top 10
clusters under ff14/DPsand ff145B occupy 31.50% and 65.36% of the whole
conformations, respectively. 70% conformers under /7214/DPs include high ratio disordered
regions. However, only one conformer under ff14SB includes partially disordered region.
The full length RMSD (shown in supplementary Figure S5F) was 0.727 ppm for ff14/DPs
and 1.033 ppm for £f14SB between experimental chemical shifts and predicted data,
respectively. This indicates that the difference between predicted chemical shifts and
experimental data under 7#714/DPFs is significant lower than that under 7/714SB. Finally the
full length RMSD under 7f14/DPs is slightly larger than that under 7799/DPs (0.699 ppm).

To further evaluate the performance of ffZ4/DPson IDPs complex, bound MeV N4, was
also used in this study. The results are shown in supplementary Figure S6. RMSD and
RMSF indicate that bound MeV N4y is less flexible under two force fields. Furthermore,
the secondary structure under 7f14/DPs is similar to that under 77458 with highly ordered
structures (shown in supplementary Figure S6G). The full length RMSD was 0.470 ppm for
ff14/DPs and 0.341 ppm for ff14SB, respectively. This indicates that /714/DPs can also
sample the conformers of IDPs complex.20: 21

Lysozyme and Ubiquitin—Lysozyme and ubiquitin, as structural proteins, have often
been used to test the performance of force field.#2: 57 In order to evaluate the performance of
ff14/1DPs on structured proteins, these two widely used proteins were also employed in this
study. Figure 8 shows the order parameter (%), the secondary Ca chemical shift, NOE, and
conformer cluster derived by 7f14/DPs and ff14SB for ubiquitin. These parameters from
ff14/1DPs are similar to those from ff14SB and are in quantitative accord to those of
experimental values. Especially, the performance for 7#14/DPs is better in loop regions than
ff145B. These parameters for lysozyme are shown in supplementary Figure S7. Similar
results are found for lysozyme. The results from ubiquitin and lysozyme indicate that
ff14/DPs can also model the structured proteins.

Chem Biol Drug Des. Author manuscript; available in PMC 2017 June 22.
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Conclusion

IDPs play important biological function in cell cycle control, regulation, recognition, and
signaling. These IDPs are also associated with many diseases. However, latest developed
force field (ff14SB) could not reproduce the diverse conformers of IDPs. In this study,
ff14/1DPs force field was developed to address the sampling of IDPs. Previous work shows
that there are eight disorder-promoting amino acids that are enriched in disordered regions.
We hypothesized that the dihedral angle terms of these residues could be altered to improve
the sampling of IDPs. Following this idea, we revised the ¢/ dihedral terms using a
customized CMAP energy term. The CMAP term was iteratively optimized to reproduce the
¢/y dihedral distribution of the eight disordered-promoting residues as observed in a
database compiled from the coil regions of well-resolved crystal structures. To validate our
strategy used to develop the special purpose 7f14/DPs force field, five typical IDPs were
simulated extensively. The results confirm that 7f74/DPs samples the diverse conformers of
IDPs. The predicted secondary chemical shift data are in quantitative agreement with
experimental data. These results are significantly better than those from 7/14SB. Finally,
ff141DPs can also be used for modeling the stable complex conformations of IDPs and
structured proteins. The performance of ff14/DPswas also compared with that of /f99/DPs
and we found similar performance between the two. As we mentioned, the newer Amber
force field was also improved the side chain parameters. Apparently these changes in
principle would change the quality of the sampling of IDPs, and we recommend the newer
generation Amber force field for more accurate protein structure sampling.
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Figure 1.
Distribution of secondary structure and dihedral of IDRs in PDB. A: Distribution of

secondary structure and coil in PDB. E for -sheet, H for a-helix, G for 31 helix, | for =
helix, T for turn, S for bend, C for coil. B: Distribution of dihedral for eight disorder-
promoting amino acids.
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Figureb.
Simulation and thermodynamic data derived from ff14/DPsand ff14SB for HIVRev. (A)(B)

Ca RMSD for five trajectories. (C) PMF free energy landscape on 2D space of radius
gyration (RG) and RMSD, showing 7f14/DPs could sample wider and more flexible
conformation space. (D) RMSF. (E) Comparison of the average helicity under both force
fields. (F) Comparison of the secondary chemical shift data. (G) Representative structures of
top 10 clusters and their occupancies.
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Simulation and thermodynamic data derived from ff14/DPsand ff14SB for apo-p53. (A)(B)
Ca RMSD for five trajectories. (C) PMF free energy landscape on 2D space of radius
gyration (RG) and RMSD, showing 7f14/DPs could sample wider and more flexible
conformation space. (D) RMSF. (E) Comparison of the average helicity under both force
fields. (F) Comparison of the secondary chemical shift data. (G) Representative structures of
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Simulation and thermodynamic data derived from ff14/DPsand ff14SB for a-synuclein. (A)
(B) Ca RMSD for five trajectories. (C) PMF free energy landscape on 2D space of radius
gyration (RG) and RMSD, showing 7f14/DPs could sample wider and more flexible
conformation space. (D) RMSF. (E) Comparison of the average helicity under both force
fields. (F) Comparison of the secondary chemical shift data. (G) Representative structures of
top 10 clusters and their occupancies.

Chem Biol Drug Des. Author manuscript; available in PMC 2017 June 22.



1duosnuepy Joyiny

1duosnuely Joyiny

Song et al. Page 20

B, ff14IDPs c I
. .‘
, 2 ;
i 2 § =H
4 = ¥
5 [ ;,
% FE] 50 100 0 25 50 100 O e 1522836435057 64 T
Time (ns) Time (ns) Residues
D Secondary Chemical Shift E 10
6 05!
E : 8 . B
29 ~Exp. | ~ 8
< 0 I :H’,“E?:, za.s: ~fidioes
QLa \ ruso 40| Rrusp
4 M4SH: 0584 | masB: 025
MAIDPs: 0578 A5 maines: 0266
FLIPIRPEFRILEFH IS FSFLSLENE F PGP FF PP IS S
Residue Residue
F Order Parameters SopaEiuster:
0 M4IDPs (79.86%) TH4SB (81.16%)
\ . L=
S O
Co? U/ S =4}
. 2.74% 22.66% 23.90% 20.88%
L RMSD P — oy e
MI45H: 0,083 % ,(ﬂ RN
o4 T141DPs: 0,044 SN W £ tﬁ
IEISILFEPIPIEPSSPEPIE e | P 8
Residue 20.08% 14.38% 14.70% 11.71%

Figure8.
Simulation and thermodynamic data derived from ff14/DPsand ff14SB for ubiquitin. (A)(B)

Ca RMSD for five trajectories. (C) RMSF. (D) Comparison of the secondary chemical shift
data. (E) Comparison of NOE data. (F) Comparison of order parameter (S2). (G)
Representative structures of top 4 clusters and their occupancies.
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Table 1
Simulation conditions for all models.
System Forcefield | Trajectories | Time(ns) BMRB Index
ff14SB 5 140
ff14/1DPs 140
Apo-HIVRev 18851
OPLS 5 140
CharmmZ27 5 140
ff14SB 5 100
Apo-p53 TAD 17760
ff14/1DPs 5 100
ff14SB 5 100
Apo-MeV N-tail 6566
ff14/1DPs 5 100
ff14SB 5 100
Bound-MeV N-tail 6567
ff14/1DPs 5 100
ff14SB 5 100
Apo-1Az 6078
ff14/1DPs 5 100
ff14SB 5 100
Apo-aSyn 19337
ff14/1DPs 5 100
ff14SB 5 100
Lysozyme 4562, 18304(5H)
ff14/1DPs 5 100
ff14SB 5 100
Ubiquitin 5387, 6470(NOE, $?)
ff14/1DPs 5 100

Chem Biol Drug Des. Author manuscript; available in PMC 2017 June 22.

Page 21



	Abstract
	Introduction
	Methods
	The hypothesis in developing a special-purpose force field for IDPs
	Data collection of disordered protein
	CMAP method
	Integrating with Amber ff14SB force field
	Molecular dynamics simulations
	Data Analyses

	Results and Discussion
	Database statistics
	CMAP energy term optimization
	Force Field Validation
	HIV Rev ARM (HIVRev)
	Apo-p53 TAD
	α-Synuclein (αSyn)
	Aspartic Proteinase Inhibitor (IA3)
	MeV NTAIL
	Lysozyme and Ubiquitin


	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table 1



