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Abstract: Electrostatic interactions have a determining role in conformational and dynamic behav-

ior of polyelectrolyte molecules [1]. In this study, anionic polyelectrolyte molecules, poly(glutamic 

acid) (PGA) and poly(aspartic acid) (PASA), in water solution with the most commonly used K+ or 

Na+ counterions were investigated using atomistic molecular dynamics (MD) simulations. Seven 

common force fields, AMBER99SB-ILDN, AMBER14SB, AMBER-FB15, CHARMM22*, 

CHARMM27, CHARMM36m and OPLS-AA/L, both with their native parameters and with the non-

bonded fix (NBFIX) and electronic continuum corrections (ECC) to were studied. These corrections 

have bene introduced to correct for the problem of overbinding of ions to the charged groups of 

polyelectrolytes. Physical properties, such as molecular sizes, local structure and dynamics, were 

studied using two types of common counterions, potassium and sodium. The results show that in 

some cases, the macroion size and dynamics depend strongly on the models (parameters) for the 

counterions due to strong overbinding of ions and charged side chain groups. The local structures 

and dynamics are more sensitive on dihedral angle parameterization resulting in a preference for 

defined monomer conformations amd the type of correction used. 
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1. Introduction 

Overbinding of charged moieties in classical MD simulations is a well-known prob-

lem [2–5]. It can be rather severe and several solutions have been proposed to resolve this 

issue. One of them is polarizable force fields [6–8], which allow direct accounting of po-

larization effects rendering the force field non-additive. However, there are only a limited 

number of molecules that have been parameterized for polarizable force fields and pa-

rameterization is, in general, not straightforward. Polarizable force fields also require sig-

nificantly more computational resources [9–11]. Other solutions involve the addition of 

corrections to electrostatic interactions into non-polarizable force fields [3–5,12]. Those 

simulations are computationally cheaper and currently cover a large number of biomole-

cules. There are two commonly used corrections: The ad hoc NBFIX [3] and the mean-

field ECC [13].  
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In NBFIX the Lennard-Jones parameters between charged atoms are modified such 

that the contact distance between them is artificially increased thus weakening their effec-

tive interactions. ECC reintroduce the missing electronic polarizability in non-polarizable 

force fields caused by the surrounding medium using a physically sound mean-field. This 

latter correction does not, however, make the force field polarizable as partial charges are 

fixed. It has been shown that both of the corrections can alleviate the problem of overb-

inding in many cases [5,14,15]. Our previous study showed that NBFIX, although based 

on heuristic scaling, works well with polyelectrolytes [14]. On the other hand, the ECC 

corrections, despite being based on a solid theoretical framework [4], do not always solve 

the problem [14]. It was shown using polyaspartic acid (PASA) and polyglutamic acid 

(PGA) that the outcome depends non-trivially on the underlying force field. In particular, 

the ECC correction did not solve the over-aggregation problem when applied directly to 

AMBER99SB-ILDN [16], leading counterintuitively, in occasion, to even more enhanced 

overbinding [14]. 

The sizes of the molecules are determined by their backbone conformations. Our pre-

vious study [14] demonstrated a strong dependence of molecular sizes (using PASA and 

PGA) on force field parameters, and NBFIX and ECC corrections. Monomer conforma-

tional states are mainly determined by the sidechain monomer dihedral angles. Instead, 

the global structure of a peptide is mostly fixed by the dihedral angles between the amino 

acid residues (Figure 1a). They can adopt energetically preferential conformational states 

which are usually presented as the most populated regions in classical Ramachandran 

(e.g., Φ,Ψ vs population) plots [17,18]. The different nomenclatures of Ramachandran 

plots are well-described in the review by Hollingsworth and Karplus [18]. 

 

Figure 1. a) Chemical structure of the PASA peptide. Rotations as defined by the torsion angles Φ 

and Ψ are indicated. b) Ramachandran plot obtained using the CHARMM27 force field for PASA. 

Color code: green – 2.51 helix (β-sheet), red – polyproline II helix (PPII), yellow – 3.10 – helix, blue – 

right-handed α-helix (αR), orange - left-handed α-helix (αL), violet and cyan - ζ and γ’ conformations 

respectively. 

The populations of backbone conformations have been studied experimentally for 

aspartic and glutamic acid residues in proteins [19], short peptides [20,21] and polypep-

tides [22–24]. Jha et al. [19] analyzed X-ray structures of 2020 chains longer than 20 resi-

dues. They determined the probability distributions of the three major backbone confor-

mations (PPII, 2.51 (β-sheet), and αR helices) of all amino acid residues for entire Protein 

data base (PDB) with the exception of helices and sheets, as well as for intrinsically disor-

dered proteins. Hagarman et al. [20] determined the distributions of the major backbone 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 December 2021                   doi:10.20944/preprints202112.0254.v1

https://doi.org/10.20944/preprints202112.0254.v1


 

conformations in Gly-Glu-Gly peptides using NMR (nuclear magnetic resonance) and vi-

brational spectroscopy techniques. They selected glycine as neighbor to minimize the 

nearest neighbor interactions, so that the obtained propensities could be considered as 

intrinsic. Their results indicated that the conformational propensity of glutamic acid does 

not significantly depend on its protonation state. Grdadolnik et al. [21] used infrared and 

Raman spectra to determine the relative populations of the three major backbone confor-

mations (PPII helix, β-sheet, and right-handed α-helix) in 19 amino acid dipeptides (in-

cluding Asp and Glu both in ionized and non-ionized states). The major population was 

found to be either a PPII helix or a β-sheet for all dipeptides except Gly, whereas the αR 

helix population was present only in small proportions (≤10%). The experimental CD (cir-

cular dichroism) and FTIR (Fourier-transform infrared spectroscopy) data for homo-pol-

ymers of Asp and Glu [22–24] evidenced a very low (close to zero) fraction of right-handed 

α-helices in the fully ionized state. Similar results have been obtained from UV (ultra vio-

let) Raman spectra [25,26] for fully ionized PGA. 

Experimental data concerning the effects of monovalent cation types exist only for 

PGA in NaCl and KCl solutions using CD and UV resonance Raman measurements [27]. 

The data show that Na+ and K+ cations have similar effects on the PGA molecule. No evi-

dence of pair formation between Na+ and K+ cations and the side chain carboxylates and 

no specific dependence of the conformational structure on the cation type was reported. 

In this study, we have tested PASA and PGA molecules using the same force fields 

(OPLS-AA/L, CHARMM27, CHARMM36m, CHARMM22*, AMBER99SB-ILDN) as in 

previous study [14] with the addition of two recent force fields of AMBER family: AM-

BER14SB and AMBER-FB15 with Na+ or K+ counterions. This was done both with their 

native force field parameters and, when available, using corrections for electrostatic inter-

actions (NBFIX [3] and ECC [28]). In our previous paper we observed strong dependence 

on parameterization, but the data could not be used to determine which parameterization 

is the most accurate [14]. The results of our present work using both structural static and 

dynamic properties together with a comparison to experimental data [19–27] allows us to 

provide some recommendations. These recommendations could be used as a guideline 

for a simulations of anionic poly(amino acids). 

2. Model, Force Fields and Method 

2.1. Model 

The model consisted of one fully deprotonated PASA or PGA molecule with 32 

amino acids (Figure 2) in explicit water. Counterions were added to ensure overall charge 

neutrality. Two different counterions, Na+ and K+, were used. The simulation boxes were 

cubic with the linear size large enough (7 nm) to avoid self-interaction through periodic 

boundary conditions. The list of all the simulated systems is presented in Table S1. Re-

search manuscripts reporting large datasets that are deposited in a publicly available da-

tabase should specify where the data have been deposited and provide the relevant acces-

sion numbers. If the accession numbers have not yet been obtained at the time of submis-

sion, please state that they will be provided during review. They must be provided prior 

to publication. 
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Figure 2. PASA and PGA chemical structures. The degree of polymerization is denoted by n. In our 

simulations n = 32. 

2.2. Force Fields 

We tested seven commonly used force fields together with their recommended ions 

and the NBIFX [3] and ECC [13] corrections. The force fields tested were: AMBER99SB-

ILDN (FF99SB-ILDN) [16], AMBER14SB (FF14SB) [29], AMBER-FB15 (FF-FB15) [30], 

CHARMM27 (C27) (i.e., CHARMM 22/CMAP) [31], CHARMM36m (C36m) [32], 

CHARMM22* (C22*) [33] and OPLS-AA/L (OPLS) [34]. The water models were chosen 

according to the recommendation for each of the force fields: TIP3P [35] for all the force 

fields except for OPLS for which TIP4P [34] is the recommendation. For FF-FB15 we used 

the variant called TIP3P-FB [36] which is the recommendation [30]. For C36m we used 

TIP3P with non-zero van der Waals parameters for the hydrogen atoms as recommended 

[37]. 

2.3. ECC and NBFIX corrections in protein-ion interactions 

We tested both NBFIX [3] and ECC [28] corrections. For NBFIX, the corrections were 

applied between the carboxyl groups (Figure 2) and counterions. NBFIX is included by 

default in the C36m force field for the interactions between the Na+ ions and the negatively 

charged carboxylic groups in glutamic and aspartic amino acids [32]. However, for K+ ions 

the NBFIX parameters are not included by default and in the current study they were 

taken from Yoo et al. [38]. We use the abbreviation C36m# NBFIX for CHARMM36m with 

NBFIX (for Na+ [included in the force field by default] and K+ ions [not included by de-

fault]). For the systems with CHARMM36m without NBFIX we use the abbreviation 

C36m#.  

The ECC approach is based on scaling the atomic partial charges [28]. ECC has been 

successfully tested in our own [5,14,39] and other studies [40]. The original partial charges 

of the atoms in all carboxylic groups of PASA, PGA, including their C-termini and coun-

terions (Na+ and K+ counterions), were scaled [39]. For the ions, the LJ σ-parameters for 

counterions are also scaled [41,42]. To indicate the systems with ECC corrections, we use 

the suffix ECC. Four force fields with ECC were considered: FF99SB-ILDN ECC, FF14SB 

ECC, FF-FB15 ECC and C36m# ECC (without NBFIX corrections). 

2.4. Method 

All simulations were performed for 1 μs with 2 fs time step using either the 

GROMACS 2016.3 or 2018 package [43]. The first 100 ns was used for equilibration and 

the remaining 900 ns for data analysis. The isothermal-isobaric (NPT) ensemble at the 

temperature of 300 K and at 1 bar was applied using the Nosé-Hoover thermostat [44,45] 

and the Parrinello-Rahman barostat [46]. Long-range electrostatic interactions were 

treated using the particle-mesh Ewald (PME) method [47,48]. The lengths of the bonds 
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with hydrogen atoms were constrained with the P-LINCS algorithm [49]. Visual Molecu-

lar Dynamics (VMD) software [50] was used for visual trajectory analyses. Errors were 

calculated as standard deviation. 

3. Results 

3.1. Ramachandran maps and backbone conformations 

To compare the distributions of the most populated Φ,Ψ regions with experimental 

data [18], Ramachandran maps were constructed for each tested force field (Figures S1-

S2). The Ramachandran plots for Asp and Glu residues presented in Ref. [18] show two 

densely populated areas of stretched (PPII and β-sheet) and screw (αR- and 3.10-helices) 

conformations, and sparsely populated intermediate conformational regions (around ζ 

and γ’) as well as areas of αL conformations. 

Following the definitions from literature [51], we considered a residue to be in the 

αR region of the Ramachandran map with angles −90°≤ Φ ≤−30° and −90°≤ Ψ ≤0°, in the 

αL region when 30°≤Φ≤90°and 0°≤ Ψ ≤90°, in the β-sheet region with angles −180°≤ Φ < 

−104° and 180°≤ Ψ ≤104° and in the PPII region with angles −104°≤ Φ ≤−46°and 116°≤ Ψ 

≤174°. For 3.10 conformation it is known [52] that the average Φ, Ψ shifts systematically 

from approximately -58°, -32° to about -90°,-4° degrees. Regions centered at (Φ, Ψ) = (−80°, 

+80°), are called γ’, and at (-135°, 60°) are called ζ [18]. 

Our data show that using FF99SB-ILDN there are two main allowed conformational 

areas of the stretched and screw conformations and much less populated regions around 

ζ, γ’ and αL (Figures S1-S2). This holds for both PASA and PGA, and the shapes and 

positions of the areas of stretched conformations are in good agreement with experimental 

data [18]. The stretched conformations (PPII and β-sheet) have the highest probability for 

the allowed conformational states. The areas of screw conformations are relevant but 

seemingly wider than the experimentally obtained ones [18] due to the addition of lesser 

populated areas around αR- and 3.10-conformations, e.g., Φ from -150° to -100° and for Ψ 

from -50° to 50°. These additional areas are not typical for aspartic and glutamic acid res-

idues in peptides [18]. The conformations from these areas are referred to as “additional 

screw” conformations below. For FF99SB-ILDN a single continuous region is observed in 

the area of the dihedral angles −100°≤ Φ ≤−50° and −100°≤ Ψ ≤100° (Figure 3a) with the 

maximum which can be related to the αR-conformations [51]. Interestingly, the introduc-

tion of ECC leads to increased populations in this region. 

For FF14SB the total area of accessible conformations is larger compared to FF99SB-

ILDN (Figures S1 and S2). The emerging new screw conformational states ζ and γ’ [18] 

for both PASA and PGA form a common highly populated region extended below the 

stretched β-sheet and PPII conformations. The common area of screw αR- and 3.10-confor-

mations are shifted to lower negative Ψ angles and are much narrower and lesser popu-

lated in comparison with FF99SB-ILDN. The region of the “additional screw” confor-

mations similarly narrows and shifts down but becomes more populated. For FF14SB, the 

maximal populations remain in the top left quadrants of the Ramachandran maps, in par-

ticular for β-sheet and ζ-conformations. The introduction of ECC corrections has only mi-

nor effect on the Ramachandran plots. 

For FF-FB15, the areas of stretched conformations for PASA (Figures S1) are slightly 

shifted to higher Ψ angles (Ψ~170) in comparison with FF99SB-ILDN (Ψ~165), FF14SB 

(Ψ~150), and experiments [18]. For PASA the common region of the screw αR- and 3.10-

conformations, is difficult to separate from γ’. The γ’ region is sparsely populated in com-

parison with ζ region. The β-sheet region has the highest population. For PGA, the maxi-

mal and comparable populations are for the β-sheet and PPII conformational regions. The 

stretch (PPII and β-sheet) and screw (αR- and 3.10) areas merge through the ζ-and γ’-con-

formational areas into one large heterogeneously populated region with PPII and β-sheets 

having the highest populations. Overall, for both PASA and PGA, transitions between the 

stretch and screw conformational states are enhanced. This is the result of the parameter-

ization of this force field that allows for more significant thermodynamic fluctuations 
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away from the local minima of the β-, PPII and αR-conformations [30]. Inclusion of ECC 

leads to an increasing population of the region common for αR- and 3.10-conformations 

for both PASA and PGA and ζ -conformational regions for PASA.   

In terms of the shapes and positions of the maxima, the distributions for both PASA 

and PGA obtained with C27 and C36m (Figures S1 and S2) are the closest to the experi-

mental ones [17]. These force fields, due to direct use of CMAPs for the peptide backbone, 

were designed to produce the correct (in relation to QM and X-ray data) dihedral angle 

distribution [36, 37]. For these force fields, the areas of the stretched (PPII and β-sheet) 

and screw (αR and 3.10) conformations are narrow and clearly separated. For C36m, the 

area of screw conformations is extremely narrow for Ψ in comparison with all other force 

fields. For C27 and C36m, each allowed area has only one conformation with high proba-

bility. In the case of C27, both conformations αR and PPII have comparable probabilities, 

but for C36m the probability of PPII is much higher. The introduction of NBFIX and ECC 

to C36m# does not lead to any significant changes in the Ramachandran maps. The inter-

mediate zones between the allowed areas for C36m (both with and without corrections) 

are very sparsely populated in comparison with the AMBER force fields. 

For C22, three densely populated areas (around β, PPII and αR+3.10) are observed 

(Figures S1 and S2) with higher probability for PPII in comparison with αR+3.10 and β-

sheets. The increased population in the γ’-conformational area (as compared to C27 and 

C36) is observed without the formation of a well–defined region as was the case for 

FF14SB and FF-FB15. The distributions for OPLS-AA also differ from the experimental 

data [18]. In the case of OPLS-AA, there are two allowed conformational areas with high 

probabilities of PPII, β-sheets and αR-helices, and an increased population in the interme-

diate regions between stretched and screw conformations as compared to CHARMM 

force fields, but without the formation of well-defined allowed conformational areas as 

for AMBER force fields. This holds for both PGA and PASA. 

In the experimental data for aspartic acid residues [18], the area of the αL-helical con-

formations is highly populated, but for glutamic acid it is only sparsely so. For C27, 

FF99SB-ILDN and FF14SB, this region is densely populated and well-defined not only for 

PASA but for PGA also. The result for PGA contradicts to experimental data [18]. The 

addition of ECC to FF99SB-ILDN and FF14SB increases the αL-helical population. For FF-

FB15, the population of αL-helical conformations increases for both PASA and PGA only 

with Na+ counterions. With the addition of ECC it increases even more. For C36m (with 

and without corrections), the αL-helical population increases only for PGA with both 

counterions. In all other cases the αL helix conformational areas are low populated. 

3.2. Fractions of major backbone conformations 

To better quantify the different conformational states, their fractions were calculated. 

The Ramachandran plots were divided into five regions. The fraction of each conforma-

tional state was identified as the integral of this specific area of the distribution. Since the 

maps obtained with different force fields are not similar, the areas for integration were 

chosen differently for the different force field families (see Figure 3). 

For FF99SB-ILDN and OPLS/AA (Figures 3a and 3c) the areas indicated by number 

0 are the regions that are common for αR- and 3.10-conformations, and which cannot be 

separated each from other. The values of the dihedral angles of the maxima of this region 

can be related to the αR- region (−90°≤ Φ ≤−30° and −90°≤ Ψ ≤0°, as it is generally specified 

[51] and was mentioned in the previous part). Taking this into account, the integration 

results over the area labeled 0 are considered as the fraction of the αR-conformations. The 

areas labelled 1 are the regions of the “additional screw” conformations as discussed in 

the previous section. Opposite to FF99SB-ILDN and OPLS/AA, for C27 (Figure 3b) the αR- 

and 3.10-conformations can be separated and the integration results over the areas labeled 

0 and 1 are considered as the fractions of the αR- and 3.10-conformations, respectively. 
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Figure 3. The integration regions of Ramachandran maps for PASA with Na+ using a) FF99SB-

ILDN, b) C27 (also C22 and C36m) and c) OPLS/AA force fields. The color boxes show the areas of 

dihedral angles related to the conformations: (0, αR helix for C27 and also for FF99SB-ILDN and 

OPLS/AA), (1, 3.10 helix for C27 and additional screw conformation for FF99SB-ILDN and 

OPLS/AA), (2, PPII helix), (3, β-sheet), and (4, φ > 0° - mostly left handed α-helix). 

The areas of integration for FF14SB and FF-FB15 differ from the FF99SB-ILDN areas 

(Figure S3) as well as each from other. For FF14SB, and for both PASA and PGA, the areas 

labelled 3 are the regions of the β-sheet and ζ-conformations do not separate and the in-

tegration results are considered entirely as the fraction of β-sheet conformations. In addi-

tion, integration over the areas labelled 2 that include PPII and γ’-conformations are re-

ported as the fractions of PPII conformations. The integration results for areas labelled 0 

give the fractions of the αR- conformations and the integration results for the areas 1 give 

the fraction of the “additional” screw conformations. For FF-FB15, due to their continuity 

the regions of γ’- and ζ - conformations were included in areas 0 and 1, respectively, and 

the integration results are considered as the fractions of the αR- conformations and the 

“additional screw” conformations. The areas of integration for C22 and C36m are equal 

to those for C27. 

The results including the effect of Na+ and K+ counterions are presented in Figures 4-

7. The horizontal axis represents fractions in systems with Na+ counterions, and the verti-

cal axis with K+. The dotted diagonal corresponds to the results that are independent of 

the counterion type; this independence is suggested by experimental observations for 

PGA in NaCl and KCl solutions [27]. We are not aware of similar experiments using PASA 

but similar behavior is assumed. Table 1 lists experimental data regarding populations of 

the major backbone conformations for aspartic (ASA) and glutamic (GA) acid residues. 

These data are shown as vertical and horizontal dotted lines in Figures 4-7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Experimental fractions of the different conformations (basins) of aspartic acid (ASA) and 

glutamic acid (GA) residues in neutral (N) and ionized (I) states. The first column: data for the 
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glycine-glutamic-glycine (Gly-GA-Gly) tripeptide from Ref. [20]; the second column: data from Ref. 

[21] for the ASA and GA dipeptides; the last two columns: data from Refs. [26,53] for PGA. 

Conformation 

[20] [21] [26] [53] 

GA di-ASA di-GA PGA PGA 

N, I N I N I I I 

PPII - helix 0.54 0.43 0.49 0.59 0.47 0.40  

β-sheet 0.26 0.55 0.46 0.36 0.48  0.42 

3.10-helix      0.09  

 α-helix 0.08 0.02 0.05 0.05 0.05 <0.20 ~0.01 

α-helix + β-sheet      0.51  

 

3.2.1. Poly (aspartic acid) 

Figure 4 shows the fractions of the conformations corresponding to the αR- (Figure 4 

a) and 3.10-helical structures together with the “additional screw” conformations (Figure 

4 b) for PASA. 

 

Figure 4. PASA: Fractions of a) αR-helical and b) 3.10-helical (for CHARMM force fields) and the 

“additional screw” conformations (for AMBER and OPLS force fields) with Na+ vs K+ counterions. 

Vertical and horizontal dashed lines correspond to available experiment data. 

For the CHARMM family, the results for C36m including the ECC variant show the 

closest agreement with the experimental data from ionized dipeptides (5%) [21] and are 

close to the diagonal. This is explained by the improved parameterization that aims to 

decrease the αR-helix fraction compared to the previous versions of the CHARMM force 

fields; the fractions obtained with C22* and C27 have significantly higher values with C27 

overstabilizing helical structures. 

For the AMBER family, only FF14SB (with and without ECC) gives the αR-helical 

fraction close to the experimental one and is close to the diagonal. This is most likely due 

to the improvements introduced in FF99SB regarding the side chain rotational profiles for 

dipeptides with explicit α- and β-backbone conformations [29]. In contrast, FF-FB15 and 

FF99SB-ILDN (both with and without ECC) give significantly higher values for the αR-
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helix fraction with FF99SB-ILDN having higher values. The origin of this is most likely 

due to a better agreement of the amino acid conformational surfaces with the quantum 

chemical ones [30]. With the addition of ECC corrections, the fraction of αR-helices in-

creases for both FF99SB-ILDN and FF-FB15. This may be explained by the weakening of 

the electrostatic repulsion between the charged carboxyl groups when ECC is added. The 

largest fraction of α-helical conformations >30% was obtained for FF99SB-ILDN ECC. 

The results for OPLS, C27, C22*, FF99SB-ILDN, FF99SB-ILDN ECC, FF-FB15 and FF-

FB15 ECC demonstrate some ion type sensitivity. For OPLS, C27, FF-FB15 and FF99SB-

ILDN ECC this influence is small and within margin of error from the experimental data 

[21]. FF99SB-ILDN shows the largest sensitivity. 

To the best of our knowledge, there is no experimental data for PASA regarding 3.10-

helical structures. Among the CHARMM force fields, the lowest values for 3.10-helical 

structures were obtained for C36m (with and without corrections) and C22*. For the “ad-

ditional screw” conformations, the largest fraction of was obtained for FF-FB15 ECC. 

Small/moderate dependence on counterion type was observed for C27, FF14SB, and 

FF99SB-ILDN ECC. 

 

Figure 5. PASA: Fractions of a) PPII helices and b) β-sheet conformations with Na+ vs K+ counterions. 

Vertical and horizontal dashed lines correspond to available experiment data. 

The fractions of the more stretched PPII-helix and β-sheet conformations for PASA 

are presented in Figure 5. As might be expected, the force fields giving the lowest values 

of the αR- and 3.10-helical fractions give the largest values for the stretched conformations. 

This is true for the sum of the PPII and β-conformations, but their relative contributions 

differ strongly for the different force fields. The CHARMM family, especially C36m (in all 

cases) and C22*, give extremely high fractions of PPII and extremely low β-sheet fractions. 

Similar tendency was observed for C27, which gave intermediate PPII fractions and rela-

tively low value for β-sheets. The AMBER family, however, demonstrates the opposite 

tendency: low PPII fractions and relatively high β-sheet fractions. Experimental data [21] 

for the charged aspartic acid (ASA) dipeptide shows fractions comparable to each other, 

49% and 46%, for PPII and β, respectively. None of the force fields is in agreement with 

experimental data for dipeptide conformations [21] (Table S2). 

ECC corrections with FF99SB-ILDN and FF-FB15 lead to an increase in the screw (αR; 

3.10 and “additional”) conformations and, consequently, to a decrease in the stretched 

(PPII and β) conformations for PASA. For FF14SB the effect of ECC is opposite. For PASA 

with K+, adding ECC has only a minimal effect. C36m showed only minor effects with 

both corrections. Overall, this makes ECC less predictable when applied to the AMBER 

force field family. 
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The results show that for PASA, the older CHARMM force fields (C27 and C22*) 

overestimate the fraction of the α-helical conformations. For the AMBER family, overesti-

mation of the α-helix fraction is not only observed for the older FF99SB-ILDN but also the 

newest FF-FB15. In addition, the ECC correction appears unpredictable and usually wors-

ens the situation when applied to the AMBER force field family. This is not surprising 

considering that AMBER force fields have highly delocalized charges effectively mimick-

ing charge scaling [15].  

Summarizing, none of the force field can be fully recommended as the most suitable 

for the PASA simulation when the dipeptide experimental data is taken into consideration 

(the numerical results for PASA are available in Table S2). 

 

3.2.2. Poly (glutamic acid) 

 

Figure 6. PGA: Fractions of a) αR-helical and b) 3.10-helical conformations (for CHARMM force 

fields) and the “additional screw” conformations (for AMBER and OPLS force fields) with Na+ coun-

terions versus K+ counterions. Vertical and horizontal dashed lines and shadowed areas correspond 

to available experiment data. 

Similar to PASA, the lowest fractions of the αR-helical conformations for PGA were 

obtained for C36m and FF14SB, Figure 6a. The fractions of the αR-helical conformations 

lying in the interval of the experimental values ~5-10% (8% for GA, 5% for di-GA, and 

<20% for PGA; see Table 1) were obtained for C36m# ECC and FF14SB with ECC. The 

original FF14SB, OPLS and the rest of the C36m flavours are in the slightly lower 2-5% 

interval [26]. Slightly above the experimental expected range, we find C22* and C27 (with 

K+). With the exception of C22* and C27, no significant dependence on counterion type 

was observed. 

For FF-FB15 and FF99SB-ILDN (both with and without ECC) the αR-helix fractions 

exceed 20% with FF-FB15 yielding lower values of the two. The ECC corrections lead to 

an increase in the fraction of αR-helices due to excessive weakening of the electrostatic 

repulsion between the charged carboxyl groups [15]. As in the case of PASA, the largest 

fraction of αR-helical conformations was obtained for FF99SB-ILDN-ECC (~40%). Most 

force field variants show negligible or small dependence on the counterion types and only 

C22*, C27, FF99SB-ILDN and FF-FB15-ECC show significant changes on the αR-helical 

conformations with different counterions, C27 showing the largest changes. 

The fraction of the 3.10-conformations was estimated experimentally in Ref. [26] to 

be 9% (Table 1). In Figure 6b, we show the simulated values and their counterion 
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dependence. The estimation of the 3.10-conformations for C36m (with and without cor-

rections) gives ~3-5% for both counterions, and for C27 with K+ gives (within the margin 

of error) values near the experimental 9%. C27 is the only force field that showed a differ-

ence (albeit very small) between the Na+ and K+ counterions with PGA. For the other force 

fields, the 3.10-conformations were not present. Instead, “additional screw” confor-

mations were found in regions not populated in the experimental Ramachandran plot for 

PGA. Their fractions demonstrate great deviations with OPLS having the lowest values. 

 

Figure 7. PGA: Fractions of a) PPII helices and b) β-sheet conformations with Na+ vs K+ counterions. 

Vertical and horizontal dashed lines correspond to available experiment data. 

The fractions of the stretched conformations for PGA with K+ and Na+ counterions 

are presented in Figures 7a (PPII) and 7b (β-sheets). Experimental values [20,21,26] for 

PPII lie in the interval 0.40-0.54 (Table 1). C22* yields consistent values with both K+ and 

Na+, while C27 agrees only for K+. Very large values were obtained for OPLS and C36m 

(with and without corrections), and all AMBER family force fields gave low values. OPLS, 

C36m and Amber family showed no significant dependence on counterion type. 

Experimental values [20,21] for β-sheet fractions are 26% (for GA - glutamic acid 

[19]), 48% (for di-GA - dimer of glutamic acid [25]) and 42% (for PGA [57]) (Table 1). The 

values obtained using C27, FF99SB-ILDN and FF-FB15 (with and without ECC) for both 

counterions are close to 26% [19] (Figure 7b and Table S3). In all other cases, the values 

are above 50% (FF-14SB with and without ECC) or below 20% (FF99SB-ILDN ECC, C22* 

and C36m with and without corrections). No dependence on counterion type was ob-

served. Numerical data for the PGA conformational fractions are collected in Table S3. 

In summary, no single force field is in agreement with the available experimental 

data. FF99SB-ILDN and FF-FB15 drastically overestimate the αR-helical conformations. 

This is even worse with ECC. C22*, C27 and OPLS also overestimate screw conformations. 

Only C36m force fields and its variants produce compatible results on screw confor-

mations. Unfortunately, these better-balanced force fields for the screw/stretch ratio fail 

to provide correct ratios between the PII and β structures. Only, C27 for PGA with K+ 

counterions gives the αR-, 3.10, PPII and β fractions in agreement with the experimental 

data. Due to this agreement, C27 could be recommended for PGA simulations but limited 

to K+ counterions. 

3.3. Lengths of the conformational sequences in PASA and PGA 

This above estimation of the conformational fractions does not provide information 

about the distribution of a given conformer in a sequence. Circular dichroism (CD) allows 

the evaluation of secondary structure, including αR-helical sequences. For PASA and PGA, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 December 2021                   doi:10.20944/preprints202112.0254.v1

https://doi.org/10.20944/preprints202112.0254.v1


 

CD has demonstrated the absence of helicity for the fully ionized states of these two mol-

ecules [22–24]. Considering that an αR-helix has 3.6 residues per turn, only regions that 

form at least one helical turn (more than 3 monomers) can be part of a real αR-helix struc-

ture. Therefore, we can estimate the fractions of monomers constituting αR-helical se-

quences using the equation 

𝐹𝛼 =
∑

𝑖

30
𝑅𝑖𝑗𝑖,𝑗

𝑡
, (1) 

where i is the target number of contiguous monomers with αR-helical compatible back-

bone dihedrals in a peptide (from 4 to 30), Rij is the number of regions identified with 

length i in frame j in the simulation trajectory, and t is the number of the analyzed frames. 

The number of analyzed monomers per peptide was 30 (the chain length minus terminal 

monomers). First, we calculate the number of regions with a given length i of neighbours 

in the same conformational state. Figures S4 and S5 show the distributions of lengths for 

each system. Then, Equation 1 was used to calculate the fractions of monomers in αR-

helical sequences as presented in Figure 8. The values can be compared with the αR-helical 

states obtained from the Ramachandran maps (Figures 4a and 6a). 

 

Figure 8. Fractions of PASA (a, c) and PGA (b, d) monomers included in the αR-helical sequences 

(more than 3 monomers). 

For PASA, comparison of the data in Figures 4a and 8a, c shows that for FF99SB-

ILDN-ECC (with Na+ and K+), C27 (with K+) and OPLS (with K+) nearly half of the mono-

mers in the αR-helical conformations are included in the equiconformational sequences 

with lengths more than 3 monomers. For the force fields, the fractions of the αR-helical 

monomers in equiconformational sequences are much smaller, i.e., most of the monomers 

in αR-helical conformations are not in these sequences.  

For PGA, the data in Figure 6a and Figures 8b, d show that the fractions of monomers 

in αR-helical conformations, and those included in sequences, are very close to each other 

in the case of FF99SB-ILDN-ECC (with K+ and Na+). This implies that practically all 
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monomers having αR-helical conformations can be included in equiconformational se-

quences. For FF99SB-ILDN (with K+ and Na+) and C27 (with K+) nearly half of the mono-

mers in αR-helical conformations form αR-helical conformational sequences. For C27 (with 

K+) as leading the candidate for PGA modeling with K+ counterions, this property needs 

to be taken into account. For FF-FB15-ECC (with K+ and Na+) about 30% of the αR-helical 

monomers are included in the sequences with the same monomer conformations. In all 

other cases the fraction is much lower. 

3.4. Correlations of molecular sizes (Rg) with fractions of stretched monomer conformations 

Figure 9 shows the radii of gyration (Rg) and the fractions of the stretched and screw 

conformations. The stretched conformations are sums of PPII- and β-conformations, and 

the screw conformations are the sums of the αR- and 3.10- conformations. 

 

Figure 9. Rg (solid lines) and the fraction of carboxyl groups involved in the Na+ bridges formation 

(dashed lines) for a) PASA and b) PGA. The fractions of the stretched (solid lines) and screw (dashed 

lines) conformations for c) PASA and d) PGA. Black lines indicate the systems with Na+, red lines 

the systems with K+. Blue lines show fractions of carboxyl groups connected by Na+ bridges. 

Rg showed counterion dependence for PASA and PGA (Figures 9a and 9b). For 

PASA, the strongest dependence was observed for FF99SB-ILDN (with and without ECC), 

FF14SB, FB15-ECC, C27 and C36m#. In all these cases, the Rg values are smaller with Na+ 

counterions. For PGA, strong discrepancy on the counterion type was observed for 

FF14SB and C27. Formation of long-lived Na+ bridges between distant carboxyl groups, 

as was shown in our previous work [14], results in smaller Rg values. Fractions of carboxyl 

groups connected by Na+ bridges were calculated according to the procedure described in 

SI and are presented in Figures 9a and 9b using blue dashed lines. Considering that ex-

perimental results suggest no differences between Na+ and K+ [27], we conclude that such 
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interactions may be an artifact. Therefore, force fields promoting such interactions are 

likely not correct. 

Sensitivity of the molecular sizes to backbone dihedral angle parameterization is 

most pronounced with Na+ counterions when using AMBER force fields with and without 

ECC corrections. For FF99SB-ILDN and FF-FB15, the introduction of ECC corrections re-

sults in a decrease in the molecular sizes due to stronger stabilization of screw confor-

mations as result of a counterintuitive and undesirable increase in Na+ bridges between 

the carboxyl groups. The native FF99SB-ILDN and FF-FB15 have high propensity of screw 

(αR-helix) conformations [54,55]. For charged molecules, electrostatic repulsion acting 

along the chain leads to chain stretching. ECC weakens the repulsion between the carbon-

yls which surpasses the reduction in Na+-carbonyl interaction and changes the solvation 

of the two groups in a way that leads to an increase in the αR-helical content with the 

corresponding decrease in Rg. The opposite is observed for FF14SB and C36m (for PASA) 

which display the expected behavior. Compared to FF99SB, the native FF14SB has repa-

rameterized side chain dihedral angles for better reproduction of sequence-dependent 

secondary structures (with α- and β-backbone conformations) [29]. 

FF14SB gave high fractions of β-backbone conformations (Tables S2 and S3) exceed-

ing experimental values [19, 20] and, moreover, β-conformational sequences (calculated 

according (1)) were formed (see Figure 10). Comparing the values in Figures 5b, 7b and in 

Figure10, it can be concluded that about 30% of monomers with β-conformation in PASA 

and PGA with Na+ form β-conformational sequences. In contrast, with K+ about 50% of 

the β monomers are in β- conformational sequences and the occurrence of longer (≥5) se-

quences is higher than with Na+ (Figures S4 and S5). β-conformational sequences, in turn, 

can form β-sheets in which such sequences are linked by hydrogen bonds. For deproto-

nated PASA and PGA this role could be potentially played by counterions. For monova-

lent counterions we suspect this is an artifact. 

 

Figure 10. Fractions of PASA (a, c) and PGA (b, d) monomers included in the β-conformational 

sequences (more than 3 monomers). 

For both PASA and PGA with Na+, the fraction of monomers in the β-conformational 

sequence is approximately 30% smaller than with K+ when using FF14SB (Figure 10). This 
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is due to formation of β-sheets that is promoted by the Na+ bridges connecting the car-

boxyl groups of antiparallel short β-conformational sequences. This is illustrated in Figure 

11 by the time evolution of PASA monomer conformations. For PASA with K+, there is a 

large number of β-sequences appearing and disappearing at different locations whereas 

with Na+ there are long-lived pairs of short β-sequences. Adding ECC corrections 

(FF14SB-ECC) weakens the electrostatic attraction between the Na+ ions and the carboxyl 

groups. As a consequence, β-sheet structures become disrupted and the fractions of mon-

omers in β-sequences increase close to the expected values, that is, to the same ones as 

with K+. This is why Rg increases. 

 

Figure 11. Change of dihedral angles of PASA’s main chain in each monomer in a simulation using 

FF14SB. Typical sections (at the start of the simulation (0-15 ns), at the end of the simulation (985-

1000 ns)) a) for a system with Na+ counterions and b) for a system with K+ counterions. Each pixel 

illustrates the conformation of one monomer during 100 ps. The colors indicate the combination of 

φ and ψ dihedral angles corresponding to specific secondary structures: PPII helix – green, β-sheet 

structures – red, 3.10 helix – yellow, right-handed α helix – pink, left-handed α helix – blue. 

In contrast to Rg, for which pronounced counterion-induced differences due to ion 

bridge formation were observed, the local sensitivity to the type of counterion (for the 

fractions of stretched (or screw) monomer conformations, Figures 9c, d) is less significant 

for all force fields. The same holds for αR-, 3.10 or additional screw, PPII and β-confor-

mations (Figures S6). Correlation between Rg and fractions of stretched conformations of 

PASA and PGA monomers was observed in most cases: Increased (decreased) value of Rg 

is the result of an increased (decreased) fraction of stretched conformations. The opposite 

behavior was found for PASA and PGA using FF14SB (see the explanation above). 

In summary: (1) An inverse relation for fractions of carboxyl groups connected by 

Na+ bridges and Rg was observed, (2) introduction of the ECC corrections to AMBER force 

fields leads to similar effects gives for two of them (FF99SB-ILDN and FF-FB15) and to the 

opposite for FF14SB (Rg increases). This is due to differences in their parameterization of 
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the backbone dihedral angle potentials. (3) The lengths of the molecular fragments with 

similar conformational structures differ between force fields. When Na+ bridges are prom-

inent, these fragments are long-lasting. (4) The fraction of stretched/screw conformations 

is mostly counterion independent. 

We calculated end-to-end and dihedral angle autocorrelation functions and deter-

mined the relaxation times by with exponential functions, 

𝑓(𝑡) = 𝐴 (𝑒𝑥𝑝 (
−𝑡

𝜏
)
𝛽

), (1) 

where β is the stretching exponent defining the width of the relaxation time distribution, 

τ is the average relaxation time and t is the simulation time. The amplitude A defines the 

contribution of the exponential function to the autocorrelation function. 

The end-to-end distance autocorrelation functions are presented in Figure S7 and the 

corresponding relaxation times in Figure 12. Six force fields stand out: FF99SB-ILDN (with 

and without ECC), FF14SB, FB15-ECC, C27 and C36m#. All of them with Na+ show 

strongly decreased chain dimensions (Figure 9) and display the relaxation times that are 

1-2 orders of the magnitude larger compared using K+. For PASA, this was observed with 

all of the above six force fields. With PGA, this occurred for FF14SB and C27. Thus, long 

end-to-end relaxation times are specific for the systems with Na+ bridges (see Figures 9 a, 

b). 

 

Figure 12. Relaxation times of the end-to-end distance in PASA and PGA molecules with K+ and 

Na+ counterions. Computed using Equation 2. 

Next, the autocorrelation functions for the Φ, Ψ dihedral angles were computed (Fig-

ure S8). In the following we focus only on the Ψ angle since the Φ angle motion is very 

limited (see SI). The Ψ angle autocorrelation functions in Figure S8 and the corresponding 

relaxation times in Figure 11 show dependence on both the force field and counterion 

type. Because the sampling step in the simulation trajectories was 0.1 ns, and the correla-

tion times of K+ with FF99SB ILDN are shorter, only relaxation times longer than 0.1 ns 

are shown. 
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Figure 13. Relaxation times of the dihedral angle Ψ in PASA and PGA molecules with K+ and Na+ 

counterions. Computed using Equation 2. 

Strong counterion specificity was observed for C27 and FF14SB. Unrealistically 

strong interactions between the Na+ ions and the carboxyl groups in the PASA and PGA 

molecules led to the formation of ion bridges and a consequent increase in the relaxation 

time in comparison with K+ for C27. In the case of FF14SB, the increased relaxation time 

for Na+ in comparison with K+ is due to the formation of β-sheets (see the previous section) 

with β sequences connected through COO- groups by Na+ bridges. With the ECC correc-

tions, the weakening of the electrostatic attraction between the Na+ ions and the carboxyl 

groups leads to β-sheets often becoming disrupted and as a result, the relaxation times 

usually decrease. The introduction of the ECC corrections to C36m# also leads to a de-

crease in the relaxation times of 2-4 orders of magnitude. For PASA with Na+ this can be 

explained by the destruction of the Na+ bridges due to the weakening of the electrostatic 

attraction. For PASA with K+, the decrease of τ is due to the weakening of the electrostatic 

repulsion between the side chain carboxyl groups and related decrease of the barriers in-

hibiting internal rotation of the main chain of PASA. This is the same is for PGA with Na+ 

and K+. That the behavior of PGA with Na+ is the similar as with K+ is explained by the 

fact that the Na+ ion bridges do not form in PGA (see Figure 9, and Ref. [14]) because of 

the entropic losses for longer side chains. 

For the force fields for which there were no ion bridges, counterion specificity of the 

relaxation time was either practically absent (FF-FB15) or, as in the cases of C22 for PASA 

and OPLS, and C36m# for PGA, the relaxation times with K+ were higher than with Na+. 

The origin of the opposite effect is due to a different impact of the counterions on electro-

static repulsion of carboxyl groups. K+ counterions have only small influence on these 

groups’ repulsion that leads to an increased probability of extended conformations (PPII 

for these force fields are shown in Figures S1 and S2). On the other hand, interactions of 

Na+ ions with the carboxyl groups are much stronger and shield their electrostatic repul-

sion and result in a lower transition barrier. 

The longest relaxation times were obtained for PASA and PGA with Na+ for FF14SB, 

Figure 13. This is explained by stronger stabilization of one of the conformational states 

(β-conformation) by Na+ bridges connecting parts of the molecule into β-sheet structures 

as discussed in the previous section. As the result, dynamics of the dihedral angles become 

restricted. In addition, long relaxation times were obtained for C36m# and C36m# NBFIX 

which can be explained the fact that the C36m# force field was constructed as an improve-

ment to C27 to diminish the probability of the αR-helical conformations. As the result, the 

areas of the accessible dihedral angles decrease and become to the region near PPII 
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conformation (Figures S1 and S2). The same was observed for C36m# with NBFIX. In con-

trast, the ECC correction leads to a decrease in repulsion between the neighboring car-

boxyl groups along the chain promoting the lowering of the transition barrier and a con-

sequent decrease of the relaxation time (Figure 13). 

 

4. Conclusions 

Our data demonstrates that the different force fields yield quantitatively different 

results. For the αR-helical conformations in PASA and PGA, the older force fields tend to 

overestimate their fraction. This has been also reported for other peptides [53]. C36m (both 

with and without either of the corrections) and FF14SB (with and without ECC) yielded 

results that were the most consistent with experimental data [19,20,25,54]. 

For FF-FB15 and AMBER FF99SB-ILDN, the fraction of αR-helical conformations is 

substantially above the experimental numbers. The addition of the ECC correction to these 

two force fields makes the situation even more dramatic. The fractions of PPII confor-

mations, for both PASA and PGA with C36m as well as for PASA with C22*, and for PGA 

with OPLS also strongly exceed those reported in experiments [20,21,26]. Generally, none 

of the force fields give suitable values for all major backbone conformations. 

The fractions of the major backbone conformations did not show significant depend-

ence on counterion parameters with the exception of C27. With K+ counterions, C27 gives 

fractions for the 3.10, PPII and β-conformations for PGA that correspond to the experi-

mental values and the αR-helical conformations do not much exceed the experimental 

numbers (see Table S3). Hence, this force field can be recommended for simulations of 

PGA but only with K+ counterions. It is impossible to make any conclusion for PASA due 

to lack of experimental data. 

For some force fields (FF99SB-ILDN, FF99SB-ILDN ECC, FF-FB15 ECC, C27, OPLS), 

long sequences of αR-helix conformations appear (both in PASA and PGA). This, however, 

contradicts experimental data [9–11]. In particular, when using FF99SB-ILDN ECC, 15-

20% and 40-45% of all monomers can form αR- conformational sequences in PASA and 

PGA chains, correspondingly. 

Direct correlation between increased (decreased) molecular sizes and fractions of 

stretched (screw) conformations of PASA and PGA monomers was observed in most 

cases. Opposite behavior was found in the simulations using FF14SB. Regardless of the 

large number of stretched (β) conformations, their short sequences are connected by Na+ 

bridges into β-sheets which leads to decreased molecular sizes. 

The relaxation times for the systems with Na+ for some force fields differ from the 

cases with K+ by orders of the magnitude. For PASA with Na+, it is observed for the same 

six force fields as the decreased chain dimensions: FF99SB-ILDN (with and without ECC), 

FF14SB, FB15-ECC, C27 and C36m#. For PGA with Na+, that is the case for FF14SB and 

C27. 

The dihedral angles Φ and Ψ exhibit strongly different relaxation dynamics. For most 

of the force fields, the Φ angles are strongly restricted. The exception is FF99SB-ILDN both 

with and without ECC for PASA. Regarding the relaxation dynamics of the dihedral angle 

Ψ, Na+ counterion specificity leading to an increase in the relaxation time (by 1-2 orders 

of magnitude in comparison with K+) was observed for C27 and FF14SB. For C27 this is 

due to the parameterization of Na+ giving unrealistically strong interaction between Na+ 

and the carboxyl groups in the PASA and PGA molecules resulting in long-living bridges 

[14]. FF14SB overestimates the fraction of β-conformational states. This is also explained 

by the formation of Na+ bridges: connecting β-conformational sequences into β-sheet 

structures. For the other force fields such a behavior is practically absent or even opposite 

(C22 for PASA, OPLS and C36m# for PGA); this opposite behavior can be explained by 

the fact that Na+ ions screen the electrostatic repulsion between carboxyl groups leading 

to lowering of the transition barrier. 

The ECC corrections added to the C36m#, FF14SB and FF99SB-ILDN, FF-FB15 force 

fields have different effects on the results due to differences in the parameterizations of 
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these force fields. When ECC is included in FF99SB-ILDN, the relaxation times for PASA 

and PGA with both counterions become about doubled. For FF-FB15, the introduction of 

ECC in the case of PASA with Na+ leads to an increase of the relaxation time of about one 

order of magnitude, but with K+ the relaxation time decreases about one order of magni-

tude. For PGA, the addition of ECC to FF-FB15 has a minimal effect on the relaxation 

times. In contrast, for C36m# and FF14SB these corrections decrease the dihedral angle 

relaxation times by 2-4 orders of magnitude. On the other hand, the NBFIX corrections 

added to C36m# result in small changes of the monomer structure and dynamic in com-

parison with native C36m#. This is in agreement with the reported behavior for AMBER 

force fields being already partially scaled via charge delocalization to some extent [15]. 

This problem does not seem to affect CHARMM modular force fields [15]. 

Summarizing, PASA and PGA monomer conformations and dynamics depend on 

the force field parameterization associated with equilibrium distributions of the rotameric 

states and the heights of the barriers preventing transitions between these states. They are 

less dependent on the counterions parameterization with the exception of C27. The default 

C27 does not perform well with Na+ counterions, but with K+ counterions it gives good 

correspondence with experimental data (at least for PGA) unlike other force fields. Due 

to the lack of experimental data, it is impossible to draw a similar conclusion for PASA. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Table S1: List of simulated systems; Table S2: The fractions of PASA mon-

omer conformations; Table S3: The fractions of PGA monomer conformations; Figure S1: PASA Ra-

machandran plots. Red dots – experimental data; Figure S2: PGA Ramachandran plots. Red dots – 

experimental data; Figure S3: The integration areas of Ramachandran maps obtained for PASA by 

using AMBER force fields; Figure S4: Number of the cases of the molecular fragments of different 

lengths with the same conformations of monomers observed along the PASA simulation trajectory; 

Figure S5: Number of the cases of the molecular fragments of different lengths with the same con-

formations of monomers observed along the PGA simulation trajectory; Figure S6: Fractions of dif-

ferent conformations for different force fields; Figure S7: Autocorrelation functions of the time de-

pendence of the end-end distance for all considered systems; Figure S8: Autocorrelation functions 

of the Ψ and Φ dihedral angles for all considered systems. 

Author Contributions: Conceptualization, N.L., D.M., H.M-S. and M.K.; methodology, N.L., D.M., 

H.M-S. and M.K.; validation, N.L., D.M., H.M-S. and M.K.; formal analysis, N.L., D.M., H.M-S. and 

M.K.; investigation, N.L., D.M., H.M-S. and M.K.; resources, D.M., H.M-S. and M.K.; data curation, 

N.L., D.M., H.M-S. and M.K.; writing—original draft preparation, N.L., D.M., and M.K.; writing—

review and editing, N.L., D.M., H.M-S. and M.K.; visualization, D.M.; supervision, M.K.; project 

administration, M.K.; funding acquisition, M.K. All authors have read and agreed to the published 

version of the manuscript.  

Funding: This study was performed within the framework of the by the Ministry of Science and 

Higher Education (state contract no. 14.W03.31.0014, MegaGrant). Computational Resources were 

provided by the Institute of Macromolecular Compounds of the Russian Academy of Sciences, the 

resources of the federal collective usage center Complex for Simulation and Data Processing for 

Mega-Science Facilities at NRC “Kurchatov Institute” http://ckp.nrcki.ru/ (Ministry subvention un-

der agreement RFMEFI62117X0016), and SharcNet/Compute Canada. HMS acknowledges support 

from the Czech Science Foundation (19-19561S). 

Acknowledgments: The authors are grateful to Ksenia Grishmanovskaya for creating the graphic 

abstract for this article. 

Conflicts of Interest: The authors declare no conflict of interest. 

 

 

References 

1. Cisneros, G.A.; Karttunen, M.; Ren, P.; Sagui, C. Classical Electrostatics for Biomolecular Simulations. Chem. Rev. 2014, 114, 

779–814, doi:10.1021/cr300461d. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 December 2021                   doi:10.20944/preprints202112.0254.v1

https://doi.org/10.20944/preprints202112.0254.v1


 

2. Catte, A.; Girych, M.; Javanainen, M.; Loison, C.; Melcr, J.; Miettinen, M.S.; Monticelli, L.; Määttä, J.; Oganesyan, V.S.; Ollila, 

O.H.S.; et al. Molecular electrometer and binding of cations to phospholipid bilayers. Phys. Chem. Chem. Phys. 2016, 18, 32560–

32569, doi:10.1039/C6CP04883H. 

3. Yoo, J.; Aksimentiev, A. New tricks for old dogs: improving the accuracy of biomolecular force fields by pair-specific corrections 

to non-bonded interactions. Phys. Chem. Chem. Phys. 2018, 20, 8432–8449, doi:10.1039/C7CP08185E. 

4. Leontyev, I. V.; Stuchebrukhov, A.A. Electronic Continuum Model for Molecular Dynamics Simulations of Biological Molecules. 

J. Chem. Theory Comput. 2010, 6, 1498–1508, doi:10.1021/ct9005807. 

5. Melcr, J.; Martinez-Seara, H.; Nencini, R.; Kolafa, J.; Jungwirth, P.; Ollila, O.H.S. Accurate Binding of Sodium and Calcium to a 

POPC Bilayer by Effective Inclusion of Electronic Polarization. J. Phys. Chem. B 2018, 122, 4546–4557, 

doi:10.1021/acs.jpcb.7b12510. 

6. Vanommeslaeghe, K.; MacKerell, A.D. CHARMM additive and polarizable force fields for biophysics and computer-aided drug 

design. Biochim. Biophys. Acta - Gen. Subj. 2015, 1850, 861–871, doi:10.1016/j.bbagen.2014.08.004. 

7. Lopes, P.E.M.; Guvench, O.; MacKerell, A.D. Current status of protein force fields for molecular dynamics simulations. In Mo-

lecular Modeling of Proteins: Second Edition; Kukol A., Ed.; Humana Press, New York, NY: New York, 2014; pp. 47–71 ISBN 

9781493914654. 

8. Lemkul, J.A.; Huang, J.; Roux, B.; Alexander D.  MacKerell, J.; MacKerell, A.D. An Empirical Polarizable Force Field Based on 

the Classical Drude Oscillator Model: Development History and Recent Applications. Chem. Rev. 2016, 116, 4983–5013. 

9. Baker, C.M. Polarizable force fields for molecular dynamics simulations of biomolecules. Wiley Interdiscip. Rev. Comput. Mol. 

Sci. 2015, 5, 241–254, doi:10.1002/wcms.1215. 

10. Jing, Z.; Liu, C.; Cheng, S.Y.; Qi, R.; Walker, B.D.; Piquemal, J.-P.; Ren, P. Polarizable Force Fields for Biomolecular Simulations: 

Recent Advances and Applications. Annu. Rev. Biophys. 2019, 48, 371–394, doi:10.1146/annurev-biophys-070317-033349. 

11. Bedrov, D.; Piquemal, J.P.; Borodin, O.; MacKerell, A.D.; Roux, B.; Schröder, C. Molecular Dynamics Simulations of Ionic Liq-

uids and Electrolytes Using Polarizable Force Fields. Chem. Rev. 2019, 119, 7940–7995. 

12. Church, A.T.; Hughes, Z.E.; Walsh, T.R. Improving the description of interactions between Ca2+ and protein carboxylate 

groups, including γ-carboxyglutamic acid: revised CHARMM22∗ parameters. RSC Adv. 2015, 5, 67820–67828, 

doi:10.1039/c5ra11268k. 

13. Leontyev, I.; Stuchebrukhov, A. Accounting for electronic polarization in non-polarizable force fields. Phys. Chem. Chem. Phys. 

2011, 13, 2613–2626, doi:10.1039/c0cp01971b. 

14. Tolmachev, D.A.; Boyko, O.S.; Lukasheva, N. V.; Martinez-Seara, H.; Karttunen, M. Overbinding and Qualitative and Quanti-

tative Changes Caused by Simple Na+ and K+ Ions in Polyelectrolyte Simulations: Comparison of Force Fields with and without 

NBFIX and ECC Corrections. J. Chem. Theory Comput. 2020, 16, 677–687, doi:10.1021/acs.jctc.9b00813. 

15. Duboué-Dijon, E.; Javanainen, M.; Delcroix, P.; Jungwirth, P.; Martinez-Seara, H. A practical guide to biologically relevant mo-

lecular simulations with charge scaling for electronic polarization. J. Chem. Phys. 2020, 153, 050901, doi:10.1063/5.0017775. 

16. Lindorff-Larsen, K.; Piana, S.; Palmo, K.; Maragakis, P.; Klepeis, J.L.; Dror, R.O.; Shaw, D.E. Improved side-chain torsion poten-

tials for the Amber ff99SB protein force field. Proteins Struct. Funct. Bioinforma. 2010, 78, NA-NA, doi:10.1002/prot.22711. 

17. Vitalini, F.; Noé, F.; Keller, B.G. Molecular dynamics simulations data of the twenty encoded amino acids in different force 

fields. Data Br. 2016, 7, 582–590, doi:10.1016/j.dib.2016.02.086. 

18. Hollingsworth, S.A.; Karplus, P.A. A fresh look at the Ramachandran plot and the occurrence of standard structures in proteins. 

Biomol. Concepts 2010, 1, 271–283. 

19. Jha, A.K.; Colubri, A.; Zaman, M.H.; Koide, S.; Sosnick, T.R.; Freed, K.F. Helix, Sheet, and Polyproline II Frequencies and Strong 

Nearest Neighbor Effects in a Restricted Coil Library. Biochemistry 2005, 44, 9691–9702. 

20. Hagarman, A.; Measey, T.J.; Mathieu, D.; Schwalbe, H.; Schweitzer-Stenner, R. Intrinsic propensities of amino acid residues in 

GxG peptides inferred from amide I’ band profiles and NMR scalar coupling constants. J. Am. Chem. Soc. 2010, 132, 540–551, 

doi:10.1021/ja9058052. 

21. Grdadolnik, J.; Mohacek-Grosev, V.; Baldwin, R.L.; Avbelj, F. Populations of the three major backbone conformations in 19 

amino acid dipeptides. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 1794–1798, doi:10.1073/pnas.1017317108. 

22. Saudek, V.; Štokrová; Schmidt, P. Conformational study of poly(α-L-aspartic acid). Biopolymers 1982, 21, 1011–1020, 

doi:10.1002/bip.360210602. 

23. Gooding, E.A.; Sharma, S.; Petty, S.A.; Fouts, E.A.; Palmer, C.J.; Nolan, B.E.; Volk, M. PH-dependent helix folding dynamics of 

poly-glutamic acid. Chem. Phys. 2013, 422, 115–123, doi:10.1016/j.chemphys.2012.11.009. 

24. Bordi, F.; Cametti, C.; Paradossi, G. Conformational transition in aqueous solution of poly(l-glutamic acid). A low-frequency 

electrical conductivity study. J. Phys. Chem. 1992, 96, 913–918, doi:10.1021/j100181a070. 

25. Mikhonin, A. V.; Myshakina, N.S.; Bykov, S. V.; Asher, S.A. UV resonance Raman determination of polyproline II, extended 2.5 

1-helix, and β-sheet ψ angle energy landscape in poly-L-lysine and poly-L-glutamic acid. J. Am. Chem. Soc. 2005, 127, 7712–

7720, doi:10.1021/ja044636s. 

26. Whynes, R.; Volk, M.; Tavender, S.M.; Towrie, M. UV resonance Raman spectroscopy reveals details of the “random coil” state 

of polypeptides. Cent. Laser Facil. Annu. Rep. 2008, 169–172. 

27. Xiong, K.; Ma, L.; Asher, S.A. Conformation of poly-l-glutamate is independent of ionic strength. Biophys. Chem. 2012, 162, 1–

5, doi:10.1016/J.BPC.2011.11.002. 

28. Leontyev, I. V.; Stuchebrukhov, A.A. Electronic continuum model for molecular dynamics simulations of biological molecules. 

J. Chem. Theory Comput. 2010, 6, 1498–1508, doi:10.1021/ct9005807. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 December 2021                   doi:10.20944/preprints202112.0254.v1

https://doi.org/10.20944/preprints202112.0254.v1


 

29. Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. ff14SB: Improving the Accuracy of Pro-

tein Side Chain and Backbone Parameters from ff99SB. J. Chem. Theory Comput. 2015, 11, 3696–3713, 

doi:10.1021/acs.jctc.5b00255. 

30. Wang, L.P.; McKiernan, K.A.; Gomes, J.; Beauchamp, K.A.; Head-Gordon, T.; Rice, J.E.; Swope, W.C.; Martínez, T.J.; Pande, V.S. 

Building a More Predictive Protein Force Field: A Systematic and Reproducible Route to AMBER-FB15. J. Phys. Chem. B 2017, 

121, 4023–4039, doi:10.1021/acs.jpcb.7b02320. 

31. Mackerell, A.D.; Feig, M.; Brooks, C.L. Extending the treatment of backbone energetics in protein force fields: Limitations of 

gas-phase quantum mechanics in reproducing protein conformational distributions in molecular dynamics simulation. J. Com-

put. Chem. 2004, 25, 1400–1415, doi:10.1002/jcc.20065. 

32. Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; De Groot, B.L.; Grubmüller, H.; MacKerell, A.D.J. CHARMM36m: an 

improved force field for folded and intrinsically disordered proteins. Nat. Methods 14, 71–73, doi:10.1038/nmeth.4067. 

33. Piana, S.; Lindorff-Larsen, K.; Shaw, D.E. How Robust Are Protein Folding Simulations with Respect to Force Field Parameter-

ization? Biophys. J. 2011, 100, L47–L49. 

34. Kaminski, G.A.; Friesner, R.A.; Tirado-Rives, J.; Jorgensen, W.L. Evaluation and Reparametrization of the OPLS-AA Force Field 

for Proteins via Comparison with Accurate Quantum Chemical Calculations on Peptides. J. Phys. Chem. B 2001, 105, 6474–6487. 

35. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential functions for simu-

lating liquid water. J. Chem. Phys. 1983, 79, 926–935. 

36. Wang, L.P.; Martinez, T.J.; Pande, V.S. Building force fields: An automatic, systematic, and reproducible approach. J. Phys. 

Chem. Lett. 2014, 5, 1885–1891, doi:10.1021/jz500737m. 

37. MacKerell, A.D.J.; Bashford, D.; Bellott, M.; Dunbrack, R.L.; Evanseck, J.D.; Field, M.J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; et al. 

All-Atom Empirical Potential for Molecular Modeling and Dynamics Studies of Proteins. J. Phys. Chem. B 1998, 102, 3586–3616. 

38. Yoo, J.; Aksimentiev, A. Improved parametrization of Li +, Na +, K +, and Mg 2+ ions for all-atom molecular dynamics simula-

tions of nucleic acid systems. J. Phys. Chem. Lett. 2012, 3, 45–50, doi:10.1021/jz201501a. 

39. Duboué-Dijon, E.; Delcroix, P.; Martinez-Seara, H.; Hladílková, J.; Coufal, P.; Křížek, T.; Jungwirth, P. Binding of Divalent Cat-

ions to Insulin: Capillary Electrophoresis and Molecular Simulations. J. Phys. Chem. B 2018, 122, 5640–5648, 

doi:10.1021/acs.jpcb.7b12097. 

40. Melcr, J.; Piquemal, J.P. Accurate Biomolecular Simulations Account for Electronic Polarization. Front. Mol. Biosci. 2019, 6, 

doi:10.3389/fmolb.2019.00143. 

41. Kohagen, M.; Mason, P.E.; Jungwirth, P. Accounting for Electronic Polarization Effects in Aqueous Sodium Chloride via Mo-

lecular Dynamics Aided by Neutron Scattering. J. Phys. Chem. B 2016, 120, 1454–1460, doi:10.1021/acs.jpcb.5b05221. 

42. Kohagen, M.; Mason, P.E.; Jungwirth, P. Accurate Description of Calcium Solvation in Concentrated Aqueous Solutions. J. Phys. 

Chem. B 2014, 118, 7902–7909, doi:10.1021/jp5005693. 

43. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High performance molecular sim-

ulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1–2, 19–25, 

doi:10.1016/J.SOFTX.2015.06.001. 

44. Nosé, S. A molecular dynamics method for simulations in the canonical ensemble. Mol. Phys. 2002, 100, 191–198. 

45. Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A 1985, 31, 1695–1697, 

doi:10.1103/PhysRevA.31.1695. 

46. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 

52, 7182–7190, doi:10.1063/1.328693. 

47. Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N ⋅log( N ) method for Ewald sums in large systems. J. Chem. Phys. 

1993, 98, 10089–10092, doi:10.1063/1.464397. 

48. Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A smooth particle mesh Ewald method. J. Chem. 

Phys. 1995, 103, 8577–8593, doi:10.1063/1.470117. 

49. Hess, B. P-LINCS: A parallel linear constraint solver for molecular simulation. J. Chem. Theory Comput. 2008, 4, 116–122, 

doi:10.1021/ct700200b. 

50. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38, doi:10.1016/0263-

7855(96)00018-5. 

51. Jephthah, S.; Pesce, F.; Lindorff-Larsen, K.; Skepö, M. Force Field Effects in Simulations of Flexible Peptides with Varying Pol-

yproline II Propensity. J. Chem. Theory Comput. 2021, 17, 6634–6646, doi:10.1021/acs.jctc.1c00408. 

52. Enkhbayar, P.; Hikichi, K.; Osaki, M.; Kretsinger, R.H.; Matsushima, N. 310-helices in proteins are parahelices. Proteins Struct. 

Funct. Bioinforma. 2006, 64, 691–699, doi:10.1002/PROT.21026. 

53. Batys, P.; Morga, M.; Bonarek, P.; Sammalkorpi, M. PH-Induced Changes in Polypeptide Conformation: Force-Field Compari-

son with Experimental Validation. J. Phys. Chem. B 2020, 124, 2961–2972, doi:10.1021/acs.jpcb.0c01475. 

54. Wang, D.; Marszalek, P.E. Exploiting a Mechanical Perturbation of a Titin Domain to Identify How Force Field Parameterization 

Affects Protein Refolding Pathways. J. Chem. Theory Comput. 2020, 16, 3240–3252, doi:10.1021/acs.jctc.0c00080. 

55. Gopal, S.M.; Wingbermühle, S.; Schnatwinkel, J.; Juber, S.; Herrmann, C.; Schäfer, L. V. Conformational Preferences of an In-

trinsically Disordered Protein Domain: A Case Study for Modern Force Fields. J. Phys. Chem. B 2021, 125, 24–35, 

doi:10.1021/acs.jpcb.0c08702. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 December 2021                   doi:10.20944/preprints202112.0254.v1

https://doi.org/10.20944/preprints202112.0254.v1

