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Abstract

Intrinsically disordered proteins (IDPs) play important roles in many physiological processes such 

as signal transduction and transcriptional regulation. Computer simulations that are based on 

empirical force fields have been increasingly used to understand the biophysics of disordered 

proteins. In this review, we focus on recent improvement of protein force fields, including 

polarizable force fields, concerning their accuracy in modeling intrinsically disordered proteins. 

Some recent benchmarks and applications of these force fields are also overviewed.

Introduction

The abundance of intrinsically disordered proteins (IDPs), which include proteins with 

disordered regions, in the human proteome has recently been recognized.[1,2] IDPs are 

characterized by the lacking of any well-defined three-dimensional tertiary structures in 

contrast to the common paradigm that a protein functions by folding into a single native 

structure. Instead, an IDP exists as an ensemble of flexible conformations that interconvert 

with each other, which often involves transient forming and breaking of secondary structure 

elements. The primary sequences of IDPs feature an enrichment of polar and charged amino 

acids, with decreased amounts of non-polar residues that normally drive hydrophobic core 
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formation. The conformational flexibility of IDPs not only allows them to serve as flexible 

linkers between functional domains, but more importantly allows them to play essential roles 

in protein-protein interaction network as IDPs can adopt different conformations when 

binding to different partners.

The central role of IDPs in eukaryotic protein interaction networks makes them involved in 

many pathological conditions, especially in cancers and neurodegenerative diseases.[3] The 

advantage of IDPs’ structural plasticity for their regulatory roles, such as signal transduction 

and transcriptional regulation, also makes them occur at a high frequency among tumor-

related proteins such as p53 and PTEN.[3] Since IDPs can sample a large variety of 

conformational states, they are prone to aggregate under certain environments. The assembly 

and aggregation of IDPs leads to the generation of fibrils, hallmarks of many 

neurodegenerative diseases. Examples include α-synuclein in Parkinson’s disease, the β-

amyloid (Aβ) peptide and tau protein in Alzheimer’s disease, and polyglutamine (polyQ) in 

Hungtington’s disease. Although the importance of conformational dynamics has been 

appreciated in the computer-aided drug design (CADD), IDPs represent a very challenging 

case for therapeutic targeting. Instead of binding to a particular IDP conformation, a ligand 

needs to modulate the IDP’s conformational dynamics and its interactions with binding 

partners.

Experimental tools to investigate IDP conformational ensembles include small-angle X-ray 

scattering (SAXS), nuclear magnetic resonance (NMR) and Förster resonance energy 

transfer (FRET) spectroscopy. However, the observables from these experiments are 

ensemble averaged over the interconverting conformational states of IDPs. [4,5] Even with 

single molecule experiments, the number of degrees of freedom for an IDP conformational 

ensemble still far exceeds the number of available experimental observables. To address 

such an underdetermined problem, theoretical models need to be introduced to extract 

detailed structural information from these experiments. These methods can be based on 

polymer physics such as the Gaussian chain model or more detailed atomistic models such 

as the computer simulations based on molecular mechanics force fields (FFs).

Protein force fields are empirically developed potential energy functions for polypeptides. 

Combined with proper sampling methods such as molecular dynamics (MD) or Monte Carlo 

(MC) simulations, they can be used to generate structural ensembles for any IDP without a 
posteriori knowledge. The atomistic details obtained from force field-based simulations can 

be used to help interpret experimental results, or sometime resolve the conflicts between 

different experimental measurements.[6] It’s also possible to derive IDP ensembles based on 

mutual information of force fields and experiments. Possibilities include driving MD 

simulations with the guide of experimental data,[7,8] or post processing force-field 

generated ensembles to match experimental data in a Bayesian fashion.[9–13] These 

atomistic models of IDP conformations serve as the starting point for structure-based drug 

design.

The quality of IDP ensembles, either generated completely in silico or determined jointly by 

combining computations and experiments, depends critically on the accuracy of underlying 

computational models. To this end, IDPs represent important benchmark systems for protein 
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FFs, which were originally developed for folded proteins and are continuously under further 

development. In this article we will review some of the recent progress in force field 

development and simulations for IDPs.

Improvement of Protein Force Fields for IDP Simulations

Protein force fields are by definition the potential energy functions and corresponding 

parameters to describe the bonded and non-bonded interactions between the particles, 

typically atoms that define the amino acids, as well as the interactions between polypeptides 

and water. The ability for a protein force field to model these interactions is in principle 

transferable between folded protein and IDPs, so that any general improvement of protein 

FFs, though usually not directly targeting IDPs, often leads to more accurate representation 

of IDPs. Two types of protein FF improvements are particularly relevant for IDP 

simulations. The first one is to balance the propensity of the sampling of secondary 

structures, as the conformational dynamics of IDPs may contain frequent formation and 

breaking of α-helices and β-sheets. This often involves the refinement of the backbone ϕ, ψ 
dihedral parameters targeting short peptides that fold into α-helices such as the (AAQAA)3 

peptide[14] or β-hairpins (for example the GB1 hairpin[15] and chigolin[16]) as model 

systems. The second one is to improve the modeling of the balance of the protein-water and 

protein-protein interactions, which often results in the introduction of atom pair-specific 

Lenard-Jones (L-J) parameters (e.g. NBFIX in CHARMM nomenclature) in protein FFs. 

Useful target data include quantum mechanical data on water-model compound and model 

compound-model compound interactions and experimental hydration free energies[17] and, 

more recently, the osmotic pressures of model compounds, where the model compounds are 

backbone or side-chain analogs.[18,19] The balance between protein-protein and protein-

water interactions is particularly important for IDPs, in which no stable hydrophobic cores 

are formed to bury non-polar residues. This also highlights the importance of using the 

correct combination of protein FF and water model in IDP simulations, as it has been shown 

that the equilibrium between folded and unfolded states can be modified with even a subtle 

change in the water model used in the simulations.[20,21] In the remaining part of this 

section, we will overview recent general improvements in major protein FFs, including the 

Amber, CHARMM, and OPLS FFs.

Efforts from Best and Hummer to balance the secondary structure propensity for the Amber 

series of protein force fields led to Amber ff99SB* and ff03*,[22] which corrected the bias 

of underestimating and overestimating the helical content in ff99SB[23] and ff03[24], 

respectively. Both ff99SB* and ff03* were developed to be used together with the TIP3P 

water model.[25] A subsequent refinement of ff03* yielded the ff03w FF to be used with the 

four-site TIP4P/2005 water model,[26] which has been used in a variety of IDP simulations.

[6,27–30] Other Amber protein FF development included ff14SB,[31] an improvement over 

ff99SB with new side chain dihedral parameters and empirical adjustment to the backbone ϕ 
energy profile. Cerutti et al derived ff14ipq,[32] which contains a completely new charge set 

using the implicitly polarized charge (IPoIQ) model.[33] The bond, angle and L-J 

parameters in ff14ipq were taken from ff99SB, while torsional parameters were fitted using 

gas phase quantum mechanics (QM) calculations at the MP2/cc-pVTZ level. A further 

reparametrization of bonded and non-bonded parameters based on the IPoIQ method yielded 
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ff15ipq.[34] The ff14ipq and ff15ipq FFs were developed to be used with the TIP4P-Ew[35] 

and the SPC/Eb[36] water models, respectively. The AMBER-FB15 force field[37] was also 

developed based on ff99SB, with a focus on the optimizing the FF parameters for bonded 

interactions using QM RI-MP2/aug-cc-pVTZ calculations and the ForceBalance procedure.

[38]

The CHARMM36 (C36) protein FF[39] was published in 2012 and contains multiple 

improvements over its predecessor, the CHARMM22/CMAP FF (also known as 

CHARMM27),[40,41] including refinement of the backbone CMAP potentials and new 

side-chain dihedral parameters. CMAP is a 2-dimensional (2D) ϕ,ψ grid-based energy 

correction map[42] first introduced in 2002 to improve the treatment of the protein backbone 

conformations. C36 is able to reproduce a variety of NMR observables for folded 

proteins[43], shows enhanced cooperativity of helix and hairpin formation,[44] and yields 

high accuracy in protein structure refinement.[45] However, application of the C36 protein 

FF to simulate several IDPs revealed a potential deficiency that conformational states 

containing left handed helicies were overly populated.[30] A further refinement of the 

CMAP potentials was performed to address this issue, which together with the introduction 

of a NBFIX term for improved modeling of salt-bridge interactions yielded the 

CHARMM36m (C36m) FF.[21] C36m was developed as a transferable FF between folded 

and disordered proteins, and has been validated using a wide range of IDPs. The C36m 

protein FF, as other CHARMM additive FFs, has to be used with the CHARMM modified 

TIP3P water model.[46] Recently, Chen and co-workers optimized the GBMV2 implicit 

solvent model based on the C36 protein FF with particular emphasis on IDP simulations.

[47] Other implicit solvent models useful in studying IDPs include the FACTS model[48] 

and the ABSINTH model,[49] which have been used to investigate the conformational states 

of Aβ40 and Aβ42,[50] the homodimzerization of polyQ,[51] and the aggregation of 

phenylalanine at pathological concentration in phenylketonuria.[52]

Two refinements of the OPLS protein force fields have been published recently. Robertson et 

al reported the OPLS-AA/M force field[53] and Harder et al presented the OPLS3 force 

field.[54] Both revisions involved the reparametrization of peptide backbone ϕ, ψ and side 

chain χ1, χ2 dihedrals by fitting to QM torsional energy scans for blocked dipeptides. The 

OPLS3 protein FF, together with its improvement in small molecule FF parameters, leads to 

enhanced accuracy in predicting protein-ligand binding affinities.[54]

While most additive protein FF development has focused on refitting torsional parameters, 

another possibility being explored in recent years is to expand the parameter space by using 

residue-specific backbone dihedral parameters. This means that protein backbone ϕ, ψ 
parameters will depend on the amino acid type, thus introducing an explicit coupling 

between the backbone and the sidechain parameters and allows more flexibility in 

parametrization. Based on this idea, Wu and coworkers developed RSFF1[55] based on the 

OPLS-AA/L[56] force field and RSFF2[57] based on Amber ff99SB, using rotamer 

distribution from protein coil library as the major target data. In a similar way, Chen and 

coworkers proposed to add residue-specific CMAP corrections in Amber FFs to better 

model IDPs. This was done initially for eight disorder-promoting amino acids (A, G, P, R, 
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Q, S, E, and K), and then extended to all amino acids, yielding the ff99IDPs[58,59] and the 

ff14IDPSFF force fields[60], respectively.

We also note the significant progress in polarizable FFs as two parameter sets for peptide 

and protein simulations have been published, including the AMOEBA-2013 FF using the 

distributed multipole and induced dipole formalism[61] and the Drude-2013 force field 

based on the Drude oscillator formalism.[62] A recent study demonstrates the equivalency 

between the two formalisms by mapping the Drude FF into an AMOEBA-like model termed 

MPID.[63] Application of the Drude-2013 FF showed it to correctly treat the coopertivity of 

folding of the helical (AAQAA)3 peptide[64] and showed cooperative unfolding of a β-

amyloid fragment,[65] both associated with variations in the dipole moment of the peptide 

backbone that cannot occur in additive protein FFs (Figure 1). With improved algorithms 

and implementation of polarizable force fields in a wider-range of software packages,[66] 

we expect greater utilization of polarizable protein FFs in modeling and simulating IDPs.

Sampling more extended states of IDPs with additive force fields

The size of an IDP, averaged over its heterogeneous conformational states, is a basic 

property that can be inferred from experiments such as SAXS and FRET measurement. 

Comparison between experimental and computational chain dimensions shows that most 

current additive protein FFs underestimate the radius of gyration (Rg) for IDPs. The problem 

that computationally generated ensembles are often overly compact is not limited to IDPs, 

but also observed for denatured proteins and random coils.

An effective way to computationally sample more extended states of proteins is to increase 

the strength of protein-water interactions while maintaining the protein-protein and water-

water interactions. Different approaches haven been proposed to modify the protein-water 

interactions.[17,21,67,68] Best et al suggested to directly scale up the dispersion interactions 

between protein and water by a common factor.[67] In practice, this can be achieved by 

multiplying the VdW potential depth ε of water atoms by a scaling factor, and resetting the 

water-water and water-ion interactions with atom pair-specific LJ (e.g. NBFIX) terms. Based 

on the comparison between the computational and experimental mean FRET efficiencies of 

a 34-residue cold-shock protein fragment (Csp M34), a scaling factor of 1.10 was 

determined for the ff03w FF with TIP4P/2005 water model. The resulting ff03ws FF has 

been validated for the chain dimension of ACTR,[67] and used in several IDP studies.

[29,30,69]

Piana et al adopted another approach by parametrizing a new water model, TIP4P-D,[68] 

with the oxygen ε value constrained to a larger value than in typical water models. 

Combining TIP4P-D with the Amber or CHARMM protein FFs generated conformational 

ensembles with significantly larger Rg for a set of IDPs including HIV-1 integrase domain 

(IN), protein L immunoglobulin-binding domain, cold-shock protein from Thermotoga 

maritima (CspTm), α-synuclein and Prothymosin α.[68] We note that the C6 dispersion 

coefficient is set to 900 kcal/mol/Å6 in the TIP4P-D water model, which compared with the 

value of 736 kcal/mol/Å6 in TIP4P/2005 is equivalent to increase protein-water dispersion 

interactions by a factor of 1.11 according to the Lorentz–Berthelot mixing rules. 

Huang and MacKerell Page 5

Curr Opin Struct Biol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Accordingly, simulations with ff03w/TIP4P-D and with ff03ws have similar effects in 

enhancing protein-water dispersion interactions, although with TIP4P-D the electrostatics 

interaction between protein and water is also increased due to the stronger water dipole 

moment associated with TIP4P-D.

Recently we proposed another way to sample more extended states with the CHARMM 

protein force field, taking advantage of the fact that in the CHARMM modified TIP3P water 

model both oxygen and hydrogen atoms participate in L-J interactions.[46] We suggested 

keeping the VdW parameters of water oxygen atoms, and simply increasing the ε value on 

the water hydrogen atom. This is because the L-J potential contains both the repulsion (r −12) 

and the dispersion (r −6) parts such that changing ε of the water oxygen atom impacts both 

the L-J dispersive interactions and the repulsive wall. This will have a general impact on 

water-protein hydrogen bond interactions thereby affecting the structure of solvation shells. 

In contrast, the water hydrogen atom has a very small L-J radius so that it is effectively 

buried within the repulsive wall of its bonded oxygen atom and only contributes dispersion 

interactions with the environment. Thus, by modifying the hydrogen VdW parameters only, 

the Hamiltonian is disturbed in a minimal way, i.e. only the dispersion part of the VdW 

interaction with water in the simulation systems is changed. Using this approach increasing 

εH from −0.046 kcal/mol in the CHARMM TIP3P water to a more favorable value of −0.1 

kcal/mol has been shown to reproduce the chain dimension and mean FRET efficiency of 

CspTm.[21]

While all these approaches have been shown to generate IDP conformational ensembles with 

larger polypeptide chain dimensions, for different IDPs the extent of the increase differs and 

the correlations with experimental observables can become better or worse.[21,29,30,70] 

This implies that without further development on the protein FF side, it might be difficult to 

find a universal VdW scaling factor, or oxygen C6 parameter, or modified TIP3P εH 

parameter that gives the correct chain dimensions for all types of IDPs. Nevertheless, having 

systematic ways to generate computational IDP ensembles with larger size is of importance 

itself, as they can be used as better inputs (e.g. broader priori distribution) for Bayesian 

interface. We would also like to point out that purely reproducing the experimentally derived 

Rg is not sufficient to claim that a computational model is accurate, as multiple ensembles of 

different qualities can all have the same Rg value. To this end it’s an underdetermined 

problem with few available experimental data. In addition, how the fine tuning of protein-

water interactions impacts the ensemble properties of folded protein and the energy 

landscape of IDPs is not fully understood, requiring further investigations.

Recent FF benchmarks

In this section we review some recent benchmarks that compare IDP conformational 

ensembles generated with a set of different force fields to a variety of experimental data 

from SAXS, FRET and NMR measurements (Table 1). The SAXS data contain detailed 

information on the shape of proteins, and the intensity profiles computed from MD 

ensembles can be compared with experimental data directly. In FRET experiments, the 

FRET efficiency (quantum yield of the energy transfer) can be computed as (1+(r/R0)6)−1, 

where R0 is the Förster distance determined by the nature of donor/acceptor pair, and r is the 
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distance between donor and acceptor, which is equivalent to the end-to-end distance if 

chromophores are inserted at the two chain termini. The ensemble averaged FRET efficiency 

can be directly compared between calculations and experiments, and in the case of single 

molecule FRET experiments, the distribution of efficiency can be compared. NMR chemical 

shift and scalar coupling data provide secondary structure propensities for individual amino 

acids, while NMR NOE data can contain useful information on long-range contact between 

residues. NMR techniques can also be used to extract chain dimension information of 

polypeptides, for example pulsed field gradient NMR can be used to measure the 

hydrodynamic radius.

The RS peptide is a highly charged IDP with a repeating arginine and serine sequence. 

Rauscher et al carried out temperature replica exchange simulations to sample the 

conformational states of the RS peptide using a wide range of Amber and CHARMM force 

fields (see Table 1).[30] The CHARMM22* (C22*)[71] and C36m FFs, both simulated with 

the CHARMM modified TIP3P water model, were found to best reproduce SAXS and NMR 

observables, such as radius of gyration and hydrodynamics radius. Different approaches that 

adjust the protein-water dispersion interactions were also tested, and all of them (ff03ws,[67] 

C22* with TIP4P-D,[68] and C36m with alternative εH=−0.1 kcal/mol TIP3P water 

model[21]) were found to generate more expanded ensembles as expected. However, the 

agreement with experimental chain dimensions became worse as the conformational 

ensembles were overly expanded.

Histatin 5 is another 24 residue IDP that has been used to compare force fields. Two Amber 

FFs (ff99SB-ILDN and ff99SBNMR-ILDN) and two GROMOS FFs (G53a6 and G54a7) 

were found to generate too collapsed ensembles that are not consistent with experimental 

measurement. Approaches with adjusted protein-water dispersion interactions, both ff03ws 

and ff99SB-ILDN/TIP4P-D, generated more expanded conformational ensembles with 

satisfactory reproduction of experimental SAXS profiles.[29,70]

PolyQ is implicated in a series of expanded CAG repeat neurodegenerative diseases. Fluitt 

and de Pablo carried out replica exchange simulations of (Q)30 using 12 different FFs, and 

found out that most were able to capture the lack of secondary structure of polyQ peptides.

[72] We noted that simulations of (Q)30 with the newly developed C36m FF predicts a mean 

FRET efficiency of 0.20 ± 0.01, very close to the experimentally extrapolated value of 0.22.

[73] Force field comparisons have also been carried out for other IDPs including Aβ 
monomer[74] and dimer,[75] and the human islet amyloid polypeptide (hIAAP)[76], 

although experimental data to benchmark the FFs are relatively limited, mostly involving 

localized secondary structural information inferred from NMR measurements.

Challenges in simulating IDP-related biophysical processes

To understand the atomistic details of how IDPs function, computer simulations have to go 

beyond characterizing the conformational landscape of single IDPs, and to model IDP-

related biophysical processes, such as post-translational modifications (PTMs), coupled 

binding and folding, and IDP aggregations. PTMs such as phosphorylation, acetylation, and 

glycosylation are common in IDPs and can be crucial to their function.[77] The force field 
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parameters for PTMs are readily available; for example, the CHARMM36 force field, 

supplemented with the CHARMM General force field[78] and carbohydrate 

parameters[79,80] provides good coverage for PTMs, and Forcefield_PTM[81] contains 

parameters consistent with the Amber ff03 FF. A recent computational study of two IDPs 

found no significant difference in their conformational ensembles with and without 

glycosylation.[82] To some extent this is consistent with a recent experimental study 

suggesting that the global conformational properties of a single IDP are conserved when it 

undergoes multisite phosphorylation.[83] These studies imply that the effect of PTMs might 

only be revealed when an IDP interacts with its binding partners.

The recognition and interaction between two IDPs typically involves the process of coupled 

binding and folding, where both IDPs acquire folded tertiary structures when they encounter 

each other and form a complex. This process is poorly understood, and different 

mechanisms have been proposed to answer questions such as whether binding or folding 

happens first. In the conformational selection scheme a pre-formed conformation is selected 

by IDP’s binding partner such that the folding happens first, while in the induced fit scheme 

an IDP first binds to its partner and subsequently folds into its bound conformation. These 

two schemes should be considered limiting ideal cases, with the actual process probably 

lying in between, as shown recently in an explicit solvent atomistic simulations of the 

coupled binding and folding between the transcription factor c-myb and the cotranscription 

factor CREB binding protein.[84] A related process is IDP aggregation, where IDP 

monomers assemble into oligomers as well as fibril structures. We noted that the 

investigation of these processes raises the bar on the accuracy of protein force fields, 

especially in their abilities in modeling protein-protein interactions. Matthes et al compared 

three FFs (ff99SB*-ILDN, C36, and GROMOS96 43a1) in modeling the self-assembly of 

amyloidogenic peptide fragments,[85] and more such benchmark studies are needed to 

validate and to further improve protein FFs.

Conclusion

In this review we overview recent advance in empirical force field development and 

atomistic simulations of intrinsically disordered proteins. Readers interested in other 

computational models and theoretical methods for IDPs are referred two recent reviews.

[86,87] In general, IDPs represent difficult challenges for atomistic force fields, but also 

represent big opportunities as FF-based simulations remains the most powerful way to 

unravel the atomistic details on IDPs’ conformational dynamics. We expect that the accuracy 

and transferability of protein force fields will continue being improved, both with respect to 

better parametrization and more advanced potential energy functions, most notable being 

models the include the explicit treatment of electronic polarizability. We found that the 

radius of gyration for the unfolded states of (AAQAA)3 is 10% larger with the polarizable 

Drude FF than with the additive C36 FF.[64] These improvements, coupled with better 

conformational sampling techniques and hardware developments, will lead to a better 

understanding of how IDPs function.
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Highlights

• General improvement of protein force fields, even not directly targeting IDPs, 

could lead to more accurate representation of IDPs.

• Increasing protein-water dispersion interactions allows additive force fields to 

effectively sample more extended states of IDPs, and different approaches 

have been proposed and tested.

• Further improvement of force field transferability between folded and 

disordered proteins will involve the explicit inclusion of electronic 

polarizability in potential energy functions.
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Figure 1. 
Variation of dipole moments in (AAQAA)3 during a MD simulation with the Drude 

polarizable FF. (A) Definition of the peptide bond used to compute backbone dipole 

moment. (B) Time series of the backbone dipole moment and the sidechain dipole moment 

of the central Gln residue in (AAQAA)3. (C) The average enhancement of peptide backbone 

dipole moments in different conformational regions as defined using the backbone ϕ,ψ 
dihedral angles. Shown are the total dipole moment enhancement, the intra-peptide 

enhancement (red) and the solvent enhancement (gray). Stronger enhancement of the 

backbone dipole moment, in particular the intra-peptide enhancement, is observed when a 

residue folds into an α-helix. Such enhancement provides additional free energy incentive 

for helix elongation, leading to the reproduction of the experimentally observed folding 

cooperativity. The enhancement is computed as the difference of the peptide bond dipole 

moment with and without their environments (water and the remaining part of the peptide). 

Results are averaged over all peptide bonds in the protein. See Ref. 59 for more details.
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Table 1

IDP systems used in force field benchmark studies.

Sequence Exp. data Force fields tested

RS peptide GAMGPSYG(RS)8 SAXS, NMR ff99SB*-ILDNa, ff03wc, ff03wsc, 

C22*b, d, C36a, b, C36mb

Histatin 5 DSHAKRHHGYKRKFHEKHHSHRGY SAXS, NMR ff99SB-ILDNa, d, ff99SBNMR-

ILDNa, G53a6f, G54a7f, ff03wsb

Polygutamine (Q)30 FRET ff99a, ff99SBa, ff99SB*a, ff03a, 

ff03*a, ff03wc, C22/CMAPb, C22*b, 

C36a, G53a6f, G54a7f, OPLS-

AA/Le, C36mb

β-amyloid DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA NMR ff99SBg, ff99SB*-ILDNg, 

ff99SBNMR-ILDNg, C22*g, b, 

G53a6f, OPLS-AAa, ff99SB-ILDNa, 

ff14SBa

hIAAP KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY NMR ff99SB*-ILDNa, e, ff03wc, e, C22/

CMAPb, C22*b, e, G53a6f, OPLS-

AA/Le

a
with the TIP3P water model;

b
CHARMM modified TIP3P water model;

c
TIP4P-2005 water model;

d
TIP4P-D water model;

e
TIP4P water model;

f
SPC water model;

g
TIP4P-Ew water model.
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