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Do Molecular Dynamics Force Fields Accurately Model Ramachan-
dran Distributions of Amino Acid Residues in Water?†

Brian Andrews,a Jose Guerra,c, Reinhard Schweitzer-Stenner,b and Brigita Urbanc∗a

Molecular dynamics (MD) is a powerful tool for studying intrinsically disordered proteins, however,
its reliability depends on the accuracy of the force field. We assess Amber ff19SB, Amber ff14SB,
OPLS-AA/M, and CHARMM36m with respect to their capacity to capture intrinsic conformational
dynamics of 14 guest residues x (= G, A, L, V, I, F, Y, DP, EP, R, C, N, S, T) in GxG peptides in
water. The MD-derived Ramachandran distribution of each guest residue is used to calculate 5 J-
coupling constants and amide I’ band profiles to facilitate a comparison to spectroscopic data through
reduced χ2 functions. We show that the Gaussian model, optimized to best fit the experimental data,
outperforms all MD force fields by an order of magnitude. The weaknesses of the MD force fields
are: (i) insufficient variability of the polyproline II (pPII) population among the guest residues; (ii)
oversampling of antiparallel at the expense of transitional β -strand region; (iii) inadequate sampling
of turn-forming conformations for ionizable and polar residues; and (iv) insufficient guest residue-
specificity of the Ramachandran distributions. Whereas Amber ff19SB performs worse than the other
three force fields with respect to χ2 values, it accounts for residue-specific pPII content better than
the other three force fields. Additional testing of residue-specific RSFF1 and Amber ff14SB combined
with TIP4P/2005 on six guest residues x (= A, I, F, DP, R, S) reveals that residue specificity derived
from protein coil libraries or an improved water model alone do not result in significantly lower χ2

values.

Introduction
A classical model of a protein assumes that its amino acid se-
quence determines the unique native fold, which then dictates
the function this protein will perform. The discovery and subse-
quent studies of intrinsically disordered proteins (IDPs), which
by definition contain unfolded, disordered regions and do not
adopt a unique native fold, have revealed that this classical view
is overly simplistic. IDPs are known for their structural plastic-
ity, which allows them to bind multiple partners and perform a
myriad of functions1. Under stress conditions, some IDPs, such
as amyloid β -protein, tau, and α-synuclein, can form toxic as-
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semblies, which play central roles in Alzheimer’s and Parkinson’s
diseases. A thorough understanding of structural plasticity of
IDPs, which is encoded in their unfolded regions, and the ca-
pacity to undergo disorder-to-order transitions upon binding to
other proteins, DNA, RNA, or cellular membranes, is missing.
Due to their disordered nature and structural plasticity, IDPs resist
crystallization and even information gathered by modern exper-
imental methods, such single-molecule cryo-electron microscopy,
is limited due to this inherent intrinsic disorder2.

Molecular dynamics (MD) offers a plethora of powerful com-
putational techniques that are ideally suited to provide atomistic-
level details on conformational dynamics of IDPs in water. How-
ever, the validity of MD predictions depends on the accuracy of
the underlying force field, i.e. interactions within and among
protein molecules, water-water, and water-protein interactions.
MD force fields are based on classical physics-based energy func-
tions with many adjustable parameters, which are most often cal-
ibrated to experimental data and/or quantum mechanical calcu-
lations. When applied to IDPs, MD force fields tend to produce
overly collapsed conformations3,4. This issue can be to some ex-
tent addressed by strengthening the protein-water interactions
while keeping the water-water and protein-protein interactions
intact4,5 or by improving the water model so as to increase pro-
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tein solubility3,6,7. It is unclear whether increased protein solu-
bility alone, however, is sufficient to resolve the problem of force
fields overly promoting protein self-assembly8–10.

A reliable MD force field for studies of IDPs should capture in-
trinsic conformational preferences of amino acid residues in wa-
ter, as reflected in their respective Ramachandran distributions of
backbone dihedral angles. This issue has not drawn sufficient
attention because amino acid residues in water have been as-
sumed to sample all sterically allowed regions of the Ramachan-
dran space. Moreover, conformational preferences have been ex-
pected to be similar for all residues other than glycine and pro-
line. Most MD force fields implicitly support this conjecture by
modeling the force field backbone dihedral potential energy us-
ing alanine-based peptides (as in CHARMM3611, OPLS-AA/M12,
and Amber ff14SB13) and/or utilize non-glycine and non-proline
residues within a set of IDPs (as in CHARMM36m6,14). The ma-
jority of MD force field-development efforts focused on reproduc-
ing the experimental J-coupling constants of alanine-based pep-
tides15–17. Dihedral potential parameters are often derived from
quantum mechanical (QM) energy calculations using short un-
folded polypeptides in vacuo or in implicit water, whereby the
selection of polypeptides and functional forms of dihedral energy
functions are force field-dependent6,12,13. Best and collabora-
tors introduced a common non-glycine and non-proline backbone
CMAP potential refined against solution NMR data for weakly
structured peptides, resulting in CHARMM3611, which was car-
ried over into the recent version of CHARMM, CHARMM36m6.
Similar backbone CMAP potentials were introduced into the most
recent Amber force field, Amber ff19SB, by Tian et al. who re-
ported significantly improved backbone profiles of all 20 amino
acid residues using residue-specific training implicit-solvent QM
data18. The question addressed in this work is to which extent
these mainstream MD force fields capture the intrinsic Ramachan-
dran distributions of individual amino acid residues in water.

Substantial evidence accumulated over the past two decades
shows that alanine has an unusually high propensity for polypro-
line II (pPII) state (see the review by Toal and Schweitzer-Stenner
and references therein19). Note that in this context, pPII and
other secondary structure propensities should be understood as
local rather than associated with an entire or any significant re-
gion of the unfolded peptide under consideration. Older ver-
sions of MD force fields do not reproduce this high pPII content
of alanine residue well. For example, Meral and collaborators
reported that OPLS-AA/L20,21 fails to capture intrinsic confor-
mational preferences of most guest residues x in cationic GxG
peptides in water22. Subsequently, the backbone dihedral poten-
tial functions of Amber, OPLS, and CHARMM force fields were
modified so as to produce an increased pPII sampling of alanine-
based short unfolded peptides. Despite significant progress in the
MD force field development, discrepancies between experimental
and MD-derived secondary structure propensities of amino acid
residues still persist.

Whereas MD force fields are mostly optimized on extended
polypeptides and/or folded proteins, experimental studies typ-
ically use short unfolded peptides, such as cationic tripep-
tides, GxG, to probe intrinsic conformational ensembles of guest

residues x in water. It is then important to examine to which ex-
tent terminal charges affect the Ramachandran distributions of
the guest residues in GxG peptides. Toal et al. demonstrated
that terminal charges do not affect the conformational ensembles
of central residues in AAA, GAG and GVG23. The central aspar-
tic acid residue in GDG or DDD appears to be an exception in a
sense that its conformational ensemble depends on pH. However,
Milorey et al. recently reported that the pH-effects are mostly
due to the protonation/deprotonation of the side chain of this
residue24. Suitability of model GxG peptides as representative of
intrinsic conformational dynamics of guest residues is further sup-
ported by an observation that 3J(HN HCα ) constants of x-residues
in GGxGG and GxG are very similar25.

One issue, which is often brushed aside, is how many exper-
imental constraints are needed to uniquely determine the Ra-
machandran distribution of guest amino acid residues x in GxG
peptides in water. Zhang et al. recently compared six MD
force fields, including Amber ff14SB, CHARMM36m, and the re-
cent version of OPLS, OPLS-AA/M12, with respect to their abil-
ity to capture available spectroscopic data that included a set
of NMR scalar coupling constants, amide I’ band profiles from
infrared spectra (IR), Raman and vibrational circular dichroism
(CD) spectra, on the central alanine residue in cationic GAG and
AAA peptides26. To address the issue of how well such a set
of spectroscopic data determine the Ramachandran distribution,
Schweitzer-Stenner developed a Gaussian modeling approach, in
which the Ramachandran distribution of the guest amino acid
residue in GxG peptide (or any other tripeptide) is described as a
superposition of two-dimensional Gaussian sub-distributions re-
lated to different conformational states, such as pPII, β -strand,
right- and left-handed helices, and various turns, whereby the
parameters of these subdistributions are optimized to best fit
the experimental data27. Zhang and collaborators showed that
such experiment-based Gaussian model of the central alanine in
GAG and AAA in water outperforms all six MD force fields un-
der study26. Of all MD force field/water model combinations
that were evaluated, Amber ff14SB (combined with TIP3P wa-
ter model) performed better than the other force fields26. A
follow-up study, Andrews et al. asked whether alanine’s pref-
erence for the pPII state stems from the backbone or alanine’s
side chain characteristics28. To this end, the experiment-based
Gaussian modeling was applied to the central glycine residue
in cationic GGG as a model of a peptide backbone, followed
by the corresponding assessment of Amber ff14SB (with TIP3P),
OPLS-AA/M (with TIP4P), and CHARMM36m (with the respec-
tive TIP3P model)28. The results revealed that pPII is driven
by the tendency of water to maximize the number of hydrogen
bonds between water and the functional groups of the central
glycine, demonstrating that high pPII preference of amino acid
residues stems from the water-backbone interactions28. Inter-
estingly, Amber ff14SB was outperformed by the other two force
fields with respect to its capacity to capture conformational dy-
namics of glycine residue in water28. Several recent studies re-
vealed that CHARMM36m combined with its specialized TIP3P
water model performs better than the other additive force fields,
although there is still room for improvement10,29.
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The inability to accurately reproduce intrinsic conformational
propensities of amino acid residues in unfolded peptides in wa-
ter represents a potentially major weakness of MD. While captur-
ing conformational propensities of residues in short peptides may
not be consequential per se, short unfolded peptides are building
blocks of longer unfolded regions of IDPs. Potential inaccuracies
in these building blocks could propagate to larger systems, lim-
iting the applicability of MD as a tool for studies of IDPs. Most
recent MD force fields have not been validated against spectro-
scopic data for amino acid residues in short unfolded peptides
in water other than glycine and alanine. In part, this is due to
the lack of experimental data that have not been available un-
til recently30–34. Here, we systematically assess four recent MD
force fields: OPLS-AA/M (with TIP4P), CHARMM36m, Amber
ff14SB (with TIP3P), and Amber ff19SB18 (recommended to use
with four-point OPC water model35) with respect to their capac-
ity to capture conformational ensembles of 14 guest amino acids
x in cationic GxG peptides in water in a way that is consistent
with available J coupling constants and amide I’ profiles. Just
like in the case of the assessment of conformational dynamics of
glycine and alanine residues26,28,29, we utilize the experiment-
based Gaussian modeling as a benchmark comparison. We en-
vision that the comparison of experimental and MD results on
guest residues x in GxG peptides in water is a starting point of a
"bottom-up" approach to the assessment of MD force fields, which
should significantly contribute to the future force field develop-
ment.

Methods

Molecular dynamics simulations

Tripeptides GxG, where x = G, A, L, V, I, F, Y, protonated D
(DP), protonated E (EP), R, C, N, S, or T, were constructed us-
ing the Visual Molecular Dynamics (VMD) software package36.
Each tripeptide is immersed into a 64 nm3 cubic box with peri-
odic boundary conditions within GROMACS 5.1.2 package37–43.
The following four combinations of force fields and water models
are used: Amber ff19SB18 with four-point OPC water model35,
Amber ff14SB13 with TIP3P44, OPLS-AA/M12 with TIP4P44, and
CHARMM36m6,11,45,46 with TIP3P. Additional simulations of six
GxG peptides with guest residues x = A, I, F, DP, R, S were
acquired using two additional force field/water model combi-
nations: Amber ff14SB with TIP4P/200547 and OPLS-AA/L21–
based residue-specific force field RSSF148 with TIP4P/Ew49. In
each simulation, the tripeptide under consideration is protonated
at the N terminus (NH+

3 ) and neutral at the C terminus. Within
OPLS-AA/M and CHARMM36m as well as RSSF1, the C termi-
nus is capped with a carboxyl group (COOH), whereas an amino
group (NH2) capping of the C terminus is applied in Amber force
fields. Electrostatically neutral systems are obtained by adding
positive (Na+) or negative (Cl−) ions as needed. The Verlet cutoff
scheme50 and a time step of 2 fs are used during the equilibra-
tion and production steps. Steepest descent is performed during
the energy minimization for 100,000 time steps, followed by a 20
ps pressure equilibration step at 300 K and 1.0 bar. 300 ns-long
trajectories are acquired during the production runs at tempera-

ture 300 K with the velocity rescale thermostat51 and Berendsen
barostat52.

Analysis

MD-derived Ramachandran distributions. MD-derived Ra-
machandran distributions are calculated within GROMACS 5.1.2
using time frames (separated by 2 ps) within 50-300 ns of each
MD trajectory. Ramachandran distributions are constructed by
subdividing the Ramachandran space into 32400 bins (2◦× 2◦)
and calculating the respective local per-bin probabilities.

J-coupling constants and amide I’ band profiles. The experi-
mental data that we use to assess the MD-derived Ramachandran
distributions of guest residues x in GxG peptides in water were
reported earlier30–33,53. The experimental data set for each guest
residue x encompasses the φ -dependent scalar coupling constants
3J(HN ,HCα ), 3J(HN ,C′), 3J(C,C′), 3J(HCα ,C′), the ψ-dependent
constant 1J(N,Cα ), and the amide I’ profiles in the respective
IR, Raman, and vibrational circular dichroism (VCD) spectra (the
prime sign indicates that the vibrational spectra are acquired for
GxG peptides in D2).

Gaussian modeling and Gaussian Ramachandran distri-
butions. The Gaussian model, previously developed by
Schweitzer-Stenner27, is used as a benchmark model of the Ra-
machandran distribution for each guest residue x in GxG pep-
tides. Briefly, Gaussian modeling is based on a linear Gaussian
decomposition, whereby a Ramachandran distribution is mod-
eled as a superposition of two-dimensional Gaussians associated
with distinct local secondary structure states (such as pPII, right-
and left-handed helix, turns, parallel and antiparallel β , and
various turns). The Gaussian model parameters (relative sta-
tistical weights of Gaussian sub-distributions, their location in
the Ramachandran space, and their corresponding widths) are
then adjusted to best fit the available J-coupling constants and
amide I’ band profiles27. The optimization of the Gaussian model
parameters is carried out by using the empirical Karplus equa-
tions54–57 and an exitonic coupling formalism to calculate con-
formational averages of J-coupling constants and amide I’ band
profiles27,30,32,58? . In the current study, some Gaussian model
parameters for guest residues x in GxG peptides are revisited and
slightly modified. In the evaluation of the MD-derived Ramachan-
dran distributions, the same algorithm described above is used to
calculate force field-specific MD-derived J-coupling constants and
amide I’ band profiles. Consistent with MD-derived Ramachan-
dran distributions, Gaussian Ramachandran distributions are also
constructed by subdividing the Ramachandran space into 32400
bins (2◦× 2◦) and calculating the respective local per-bin proba-
bilities.

Reduced χ2 functions. We use a reduced χ2
J function to quan-

titatively assess the ability of MD force fields and the Gaussian
model to capture the conformational ensemble of guest residue x
in GxG peptides in water:

χ
2
J =

1
N

N

∑
i=1

(Ji,exp− Ji,calc)
2

s2
i

(1)
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where N is the number of J-coupling constants (in our case five),
Ji,exp are the experimental J-coupling constants, Ji,calc are the cal-
culated J-coupling constants obtained from MD-derived or Gaus-
sian Ramachandran distributions, and si are the uncertainties due
to the reported experimental errors59 and the errors associated
with the Karplus parameters55, which are combined using the
Gaussian error propagation method. Generally acceptable fits are
associated with reduced χ2

J values below 2. However, this crite-
rion is applicable only if all errors associated with experimental
data are known. Unfortunately, this cannot be guaranteed in the
current work because the error values are not available for all
utilized J-coupling constant parameters. In such cases, we use
the experimental uncertainties alone, which are typically smaller
than the propagation errors due to fitting that determines the
Karplus parameters, leading to an overestimation of χ2

J values.

In analogy to the reduced χ2
J function, a reduced χ2

VCD func-
tion is defined to evaluate the MD force fields and the Gaussian
model with respect to their capacity to reproduce the experimen-
tal amide I’ band profile of guest residue x:

χ
2
VCD =

1
N′

N ′

∑
k=1

(∆εexp,k−∆εcalc,k)
2

s2
k

(2)

where N′ is the number of wavenumbers from 1600 to 1720
cm−1, ∆εexp,k is the experimental value for all k considered, and
sk are experimental errors derived from an analysis of a spectral
region dominated by noise. Note that due to the achiral nature
of triglycine, there is no experimental VCD signal for glycine as
the guest residue x in GxG; in our previous work, we calculated
χ2

VCD for glycine by assuming that ∆εexp,k are zero for all k due
to an inversion symmetry about the center of the corresponding
Ramachandran distribution28.

Definition of mesostates and mesostate populations.
Mesostates are used as a visual guide for compari-
son of Ramachandran distributions derived from the
expriment-based Gaussian model and MD simulations.
The following mesostate definitions are used: (a) pPII
(−90◦ < φ < −42◦, 100◦ < ψ < 180◦), (b) anti-parallel β -
strand (aβ) (−180◦ < φ < −130◦, 130◦ < ψ < 180◦), (c) the
transition region between aβ and pPII (β t) (−130◦ < φ < −90◦,
130◦ < ψ < 180◦), (d) right-handed α-helix (−90◦ < φ < −32◦,
−60◦ < ψ < −14◦). Each mesostate population is calculated by
adding per-bin Ramachandran distribution probabilities within
the corresponding mesostate region. For achiral triglycine, the
(−φ ,−ψ) conformations are identical to the corresponding
(φ ,ψ) conformations. Consequently, for the central glycine in
triglycine, the mesostate populations are obtained by adding the
respective left-handed and right-handed populations.

Shannon entropy. The Gaussian and MD-derived Ramachan-
dran distributions are also used to calculate the Shannon entropy
for each guest residue x in GxG in water:

S = −R ∑
φ ,ψ

P(φ ,ψ) lnP(φ ,ψ) (3)

where R is the gas constant and P(φ , ψ) are the respective per-
bin Ramachandran distribution probabilities (2◦ × 2◦ bins) that
the guest residue x in GxG will occupy a state within the bin cor-
responding to backbone dihedral angles φ and ψ.

To facilitate the comparison of the Gaussian and MD-derived
Ramachandran distributions, we also derive:

∆SI,GxG = Sx,MD−Sx,Gaussian (4)

where x is the guest residue in GxG under investigation. Simi-
larly, within each category (Gaussian model or MD force field),
the differences in the distributions between amino acid residues
and alanine can be directly assessed by calculating:

∆SII,GxG = Sx,i−SA,i (5)

where x is the guest amino acid, A is alanine, and i is the Gaussian
model or an MD force field. Whereas ∆SI allows for a direct quan-
titative comparison of MD-derived and Gaussian Ramachandran
distributions, ∆SII offers a measure of guest residue-specificity of
the Ramachandran distribution, which is expected to be MD force
field-dependent.

Results
In this study, we assess four MD force fields: OPLS-AA/M12 com-
bined with TIP4P water, CHARMM36m combined with the cor-
responding TIP3P6, Amber ff14SB combined with TIP3P13, and
Amber ff19SB18 combined with OPC water model35, in terms of
their capacity to capture intrinsic conformational dynamics of 14
guest residues x (x = G, A, L, V, I, F, Y, DP, EP, R, C, N, S, or T)
in GxG peptides in water against the available experimental data
sets. Hereafter, the term force field is used to broadly refer to a
complete set of interaction parameters, including those involving
water. Each guest residue-specific experimental data set includes
five J-coupling constants — 3J(HN ,HCα ), 3J(HN ,C′), 3J(HN ,Cβ ),
3J(HCα ,C′), and 1J(N,Cα )

59 — and amide I’ profiles from IR and
Raman spectra53. Note that the guest residues K and M30 as
well as H60 in GxG peptides, for which only 3J(HN ,HCα ) and
amide I’ band profiles are available, are excluded from this study.
The entire MD-derived Ramachandran distribution of the guest
residue x in GxG peptides in water (see Methods) is used to calcu-
late the five J-coupling constants and amide I’ profiles to facilitate
a direct comparison to experimental data. As a benchmark com-
parison, experiment-based Gaussian modeling is applied to each
experimental data set. In the Gaussian model, the Ramachan-
dran distribution is constructed as a linear combination of Gaus-
sian sub-distributions, representing distinct secondary structure
states, whereby the respective weights, heights, and widths are
optimized to best fit the experimental data (see Methods)27. The
resulting distribution produced by Gaussian modeling is hereafter
referred to as the Gaussian distribution. As a visual guide, we also
introduce four mesostates: pPII, β t, aβ , and α, corresponding to
specific regions in the Ramachandran space (as defined in Meth-
ods). It is important to note that the assessment of the Gaussian
and MD-derived Ramachandran distributions against experimen-
tal data is independent of the somewhat arbitrary definition of
the mesostates.
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Gaussian model better reproduces J-coupling constants and
amide I’ band profiles than MD force fields

We here quantitatively assess Gaussian modeling and four MD
force fields with respect to their capacity to reproduce five J-
coupling constants and VCD amide I’ band profiles of guest
residues in GxG peptides in water. To this end, we calculate the J-
coupling constants and amide I’ band profiles from guest-residue
specific Gaussian Ramachandran distributions and the corre-
sponding Ramachandran distributions derived from each MD
force field. All experimental and calculated (Gaussian modeling-
and MD-derived) J-coupling constants are reported in Table S1.
Convergence of J-coupling constants in MD trajectories is eval-
uated by monitoring time evolution of the five J-coupling con-
stants, averaged over 50 ns time intervals, for the three guest
residues with the largest side chains: isoleucine (Fig. S1), argi-
nine (Fig. S2), and tyrosine (Fig. S3) for a total simulation time
of 500 ns per trajectory. Because the entire Ramachandran distri-
bution of the guest residue contributes to the five J-coupling con-
stants26, time dependence of J-coupling constants is a reflection
of time dependence of the Ramachandran distribution, provid-
ing a measure of sampling efficiency and, by implication, conver-
gence. Figs. S1-3 demonstrate that while the J-coupling constants
fluctuate with simulation time, they do not display significant
drifts in their respective average values. The largest fluctuations
in the MD-derived J-coupling constants are observed in Amber
ff19SB for all three guest residues, whereas J-coupling constants’
fluctuations observed in Amber ff14SB (3J(HCα ,C′) for Y in GYG,
Fig. S3c) and CHARMM36m (1J(N,Cα ) for I in GIG, Figs. S1e and
3J(HCα ,C′) for R in GRG, Fig. S2c) trajectories are smaller. Im-
portantly, data on Figs. S1-S3 demonstrate that extending the
total simulation time per trajectory to 500 ns is not required for
convergence, in line with previously published studies26,28,29,58.
MD-derived J-coupling constants and all amide I’ profiles for all
guest residues x in GxG peptides under study are thus calculated
from MD trajectories using the time interval 50-300 ns.

The Gaussian model and MD force fields are further evaluated
by using the two reduced χ2-functions, χ2

J and χ2
VCD, defined in

Methods. Fig. 1a shows χ2
J values for 14 guest amino acid residues

x in GxG peptides in water. The corresponding χ2
VCD values are

displayed in Fig. 1b for all guest residues x other than glycine, for
which the reduced χ2

VCD cannot be calculated due to unknown ex-
perimental values, as reported previously28. The comparison in
Fig. 1 demonstrates that the Gaussian model produces convinc-
ingly low χ2

J and χ2
VCD values, mostly in an excellent agreement

with experimental data. In comparison to the Gaussian model
predictions, all four MD force fields result in significantly larger
χ2

J and χ2
VCD values, demonstrating significantly less favorable

agreement with experimental data.

Amber ff19SB results in the highest χ2
J values for 10 of the 14

guest residues (L, V, I, F, Y, DP, R, C, N, and S) and does not
produce the lowest value for any guest residue (Fig. 1a). In com-
parison, Amber ff14SB produces the highest χ2

J values for 2 guest
residues (G and EP) and the lowest χ2

J values for 3 guest residues
(A, L, and T). OPLS-AA/M produces the lowest χ2

J value for 9
guest residues (V, I, F, Y, EP, C, N, S, and T) and the next low-

est in 2 other residues (G and DP). Notably, OPLS-AA/M yields
the highest χ2

J and second highest χ2
VCD of the four MD force

fields for alanine residue in GAG, which is unexpected considering
that OPLS-AA/M uses glycine- and alanine-based model systems
to calibrate the backbone dihedral potentials12. CHARMM36m
does not produce the highest χ2

J value for any guest residue and
results in the lowest χ2

J value for 3 guest residues (G, DP, and
R), suggesting that it may be the most balanced of the four force
fields with respect to NMR data.

One might argue that the choice of Karplus parameters af-
fects the above comparisons. Whereas Fig. 1a is based on
the Karplus parameter set reported by Wirmer and Schwalbe
(Wirmer-Schwalbe)56, we also calculated χ2

J values using the
Karplus parameters published by Ding and Gronenborn (Ding-
Gronenborn)57. Note that switching between these two Karplus
parameter sets in our case only affects the calculated 1J(N,Cα )

values. The comparison of the χ2
J values derived by using the

Wirmer-Schwalbe and Ding-Gronenborn Karplus parameter sets
is shown in Fig. S4a and b, respectively. Except for glycine and
alanine, the Ding-Gronenborn set produces overall larger χ2

J val-
ues. Aside from this increase in χ2

J values, no significant changes
are observed in the relative performance between the Gaussian
model and MD force fields when the Wirmer-Schwalbe set is re-
placed by the Ding-Gronenborn set. In rare cases the choice of
Karplus parameters alters the ranking of MD force fields with re-
spect to the χ2

J values. The change from Wirmer-Schwalbe to
Ding-Gronenborn Karplus parameter set changes the force field
ranking with respect to χ2

J values for residues A, EP, and S; how-
ever, these changes do not strongly affect the overall MD force
field comparison, because the four force fields produce compara-
ble χ2

J for these residues (Fig. S4).
Fig. 1b shows χ2

VCD values for each guest residue calculated
from the Gaussian and MD-derived Ramachandran distributions.
As in the case of NMR data, the Gaussian model also outperforms
all MD force fields in reproducing the VCD amide I’ band pro-
file. Again, the largest χ2

VCD values are associated with Amber
ff19SB. Of the four force fields, Amber ff19SB exhibits the high-
est χ2

VCD values for 11 guest residues (A, L, V. I, F, DP, EP, R,
C, N, and T) and produces the lowest χ2

VCD value for serine (S).
Amber ff14SB exhibits the highest χ2

VCD value for tyrosine (Y)
and the lowest χ2

VCD values for six guest residues (G, A, L, F, C,
and N). OPLS-AA/M yields the highest χ2

VCD value only for serine
(S) and produces the lowest χ2

VCD values for two guest residues
(I and T). CHARMM36m results in the highest χ2

VCD values for
two guest residues (G and S) and the lowest χ2

VCD values for four
guest residues (V, Y, DP, and R).

Because χ2
J values are more sensitive to the dihedral an-

gle φ , whereas χ2
VCD is sensitive to both dihedral angles, we

added up both χ2 values to get a better sense of relative per-
formances of the MD force fields (Fig. 1c). The comparison of
the combined χ2 values indicates that conformational ensembles
of three guest residues (DP, C, T) are particularly poorly cap-
tured by all four MD force fields. Amber ff14SB, OPLS-AA/M, and
CHARMM36m exhibit comparable performance on the remaining
11 guest residues, whereas Amber ff19SB shows larger deviations
across most guest residues. In the following, we examine the

Journal Name, [year], [vol.], 1–20 | 5

Page 5 of 20 Physical Chemistry Chemical Physics



Fig. 1 Assessment of the Gaussian model and MD force fields with respect to their ability to reproduce the experimental data for the guest residue in
cationic GxG in water using (a) χ2

J and (b) χ2
VCD functions. Values presented for GGG and GAG, aside from those for Amber ff19SB, are taken from

two previous studies26,28. Reduced χ2
VCD values for GGG are not available for the central glycine in GGG, as reported previously28.

conformational ensembles of different groups of guest residues in
more detail and demonstrate that χ2 comparison alone may be
overly simplistic and may not provide sufficient information to
aid MD force field development efforts.

Assessment of MD force field-specific conformational prefer-
ences of guest residues x in GxG peptides in water

The quantitative analysis described in the following provides an
evaluation of the recent MD force fields with respect to intrinsic
conformational dynamics of 14 amino acid residues in water. Pop-
ulations of distinct mesostates, albeit arbitrarily defined, can aid
in identifying the qualitative strengths and weaknesses of each
force field when compared to the Gaussian model predictions.
The benchmark Gaussian distributions serve as visual guides in
the assessment of the MD-derived Ramachandran distributions.
Populations of the mesostates, defined in Methods, are calculated
from the Gaussian and MD-derived Ramachandran distributions
and reported in Table S2. We classify the guest residues into
aliphatic (G, A, L, V, I), aromatic (F, Y), ionizable (DP, EP, R),
and polar (C, N, S, T) groups and describe the results for each
group individually.

Aliphatic amino acid residues. Here, we examine the central
G in GGG and guest residues A, L, V, and I in GxG, which are char-
acterized by side chains consisting exclusively of hydrocarbons.
Ramachandran distributions and mesostate populations. Fig. 2
shows the Ramachandran distributions produced by the Gaussian
model and MD simulations with four force fields (panel a) and the
corresponding populations of mesostates (panel b), as defined in
Methods. The Gaussian distributions in Fig. 2a exhibit significant
differences within this group of guest residues. The main trend is
that pPII conformations which dominate the conformational en-
sembles of guest glycine and alanine, are less abundant for guest
residues L, V, and I in favor of increased β -strand populations. In
contrast, Ramachandran distributions in Fig. 2a derived from Am-
ber ff14SB, OPLS-AA/M, and (to a lesser extent) CHARMM36m
are similar to each other and do not exhibit significant changes in
the abundance of pPII conformations. Of the four MD force fields,
Amber ff19SB produces the most noticeable guest residue-specific
Ramachandran distributions. All MD-derived Ramachandran dis-
tributions, including those obtained within Amber ff19SB, deviate
from the respective Gaussian distributions. The β -strand basin
in MD-derived distributions is dominated by aβ conformations
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in contract to β t conformations, which are predominant in the
Gaussian model. MD force fields other than OPLS-AA/M produce
overly abundant right-handed helical conformations. These fea-
tures are reflected in the respective mesostate populations in Ta-
ble S2. Of the four force fields, only OPLS-AA/M produces β t and
right-handed helical populations comparable to Gaussian model
predictions (Fig. 2b and Table S2), however, the Ramachandran
distribution difference among A, L, V, and I are very minor, incon-
sistent with guest-residue specific Gaussian distribution features
(Fig. 2a). Fig. 2b shows that while MD force fields still under-
estimate the pPII populations of guest glycine and alanine, they
actually overestimate the pPII populations in guest leucine, valine
and isoleucine, most likely due to a lack of sensitivity to the guest
residue. An exception is Amber ff19SB, which at least for leucine
and valine residues accounts for the respective pPII populations
in agreement with the Gaussian model predictions.
Glycine. Three MD force fields (Amber ff14SB, OPLS-AA/M, and
CHARMM36m) were recently evaluated with respect to the ca-
pacity to reproduce experimental data for the central glycine
residue in GGG in water28. Fig. 1 and Fig. S5g-h demonstrate that
Amber ff19SB simulations of the central glycine in GGG result
in a somewhat lower χ2

J value than Amber ff14SB, but produce
a strongly increased χ2

VCD value, indicating that Amber ff19SB
insufficiently accounts for the achiral character of the central
glycine residue in GGG. Absolute errors with respect to the re-
spective experimental J-coupling constants are shown in Fig. S5.
The vibrational CD amide I’ profile (Fig. S5i) calculated from
Amber ff19SB data is comparable in magnitude to that derived
from CHARMM36m, but produces a positive couplet, which con-
trasts that of CHARMM36m. Fig. S6 demonstrates that Amber
ff19SB, just like Amber ff14SB. reproduce the amide I’ profiles
sufficiently well. Fig. 2b and Table S2 demonstrate that Amber
ff19SB produces less β t and aβ and a comparable amount of
pPII and α content as the Gaussian model. ∆SI values in Table
S3 demonstrate that of all four MD force fields, Amber ff19SB
produces a Ramachandran distribution with the smallest rela-
tive Shannon entropy with respect to the Gaussian Ramachan-
dran distribution (-1.02 J/mol/K). This result suggests that the
mesostates in Amber ff19SB have comparable widths and weights
as in the Gaussian model, however, as the Shannon entropy is in-
variant to locations of the mesostates in the Ramachandran space,
small ∆SI may still produce high χ2 values as both the J-coupling
constants and amide I’ profiles are sensitive to mesostate loca-
tions. Amber ff19SB also results in the relative Shannon entropy
between the central glycine and alanine, ∆SII = 2.86 J/mol/K,
which is the most comparable to the Gaussian model prediction,
∆SII = 3.24 J/mol/K).
Alanine. Similarly as for glycine, several MD force fields, includ-
ing Amber ff14SB, OPLS-AA/M, and CHARMM36m, were previ-
ously assessed with respect to their ability to capture conforma-
tional ensembles of the central alanine in GAG and AAA in wa-
ter29. We here add Amber ff19SB to this comparison. Of the four
MD force fields, Amber ff19SB produces the second highest χ2

J
and highest χ2

VCD for guest alanine residue in GAG, whereas Am-
ber ff14SB produces the lowest values of these functions. Abso-
lute errors with respect to the experimental J-coupling constants

are displayed in Fig. S7. Fig. S7i shows an almost completely di-
minished VCD amide I’ profile compared to the Gaussian model
prediction and amide I’ profiles derived from the other three force
fields. The amide I’ profiles produced by Amber ff19SB in Fig. S8
are similar to those produced by Amber ff14SB. Similar to the re-
sults for the central glycine in GGG, a notable decrease in pPII
and β t populations are observed in Amber ff19SB relative to Am-
ber ff14SB (Fig. 2b and Table S2). Just like for glycine, of the four
force fields, Amber ff19SB produces the lowest absolute value of
∆SI (-0.61 J/mol/K) for the guest alanine in GAG (Table S3).
Leucine. Whereas Gaussian Ramachandran distributions of ala-
nine and leucine bear some similarities, the distribution of leucine
contains slightly less pPII and more β t that the Gaussian distri-
bution of alanine (Fig. 2a). All MD force fields other than Amber
ff19SB overestimate the pPII population of leucine residue in GLG
(Fig. 2b). The absolute differences of J-coupling constants with
respect to their experimental values are displayed in Fig. S9a-e.
Among the MD force fields, Amber ff19SB and Amber ff14SB pro-
duce the highest and the lowest χ2

J and χ2
VCD values, respectively

(Fig. S9g-h). In comparison to the Gaussian modeling, the VCD
amide I’ profiles are underestimated by MD force fields (Fig. S9i).
In contrast, the IR and Raman profiles of amide I’ are sufficiently
well reproduced by the Gaussian model as well as the four force
fields (Fig. S10). Table S3 shows that Amber ff14SB produces the
lowest ∆SI (0.08 J/mol/K) and the closest ∆SII to that of the Gaus-
sian model (0.75 J/mol/K and 1.25 J/mol/K for Amber ff14SB
and Gaussian model, respectively).
Valine. Whereas guest alanine and leucine share some similar-
ities of their respective Gaussian Ramachandran distributions,
the Gaussian Ramachandran distribution of guest valine in GVG
clearly deviates from the other two (Fig. 2a). In comparison to
alanine, valine shows significantly reduced pPII and increased
β -strand content, whereby β -strand conformations in the Gaus-
sian distribution of valine are dominated by β t. The MD force
fields do not reproduce this trend very well. All force fields other
than Amber ff19SB significantly overestimate the pPII population
(Fig. 2b). The absolute differences of J-coupling constants with
respect to their experimental values are displayed in Fig. S10a-
e and the χ2 values for J-coupling constants and VCD amide I’
profiles are shown in Fig. 11g-h. OPLS-AA/M produces the low-
est χ2

J value of the four force fields under study and the sec-
ond lowest χ2

VCD value; CHARMM36m results in the lowest χ2
VCD

value. VCD amide I’ profiles are underestimated by all four force
fields (Fig. 11i), whereas the IR and Raman amide I’ profiles
are adequately captured (Fig. 12). Shannon entropy results dis-
played in Table S3 indicate that OPLS-AA/M yields the lowest ∆SI

value (-0.17 J/mol/K) as well as the ∆SII value (-5.15 J/mol/K),
which is the closest to the one predicted by Gaussian modeling
(-3.49 J/mol/K).
Isoleucine. The Gaussian Ramachandran distribution of isoleucine
in GIG is characterized by significantly reduced pPII content (sim-
ilar to the case of valine) and increased β -strand content, which
is dominated by parallel β -strand (pβ) rather than β t confor-
mations (Fig. 2a). The prominent sampling of the parallel β -
strand region is unique to isoleucine as no other guest residue
in this study samples this region. Moreover, unlike in the case
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Fig. 2 (a) Gaussian and MD-derived Ramachandran distributions and (b) mesostate populations of aliphatic guest residues x = G, A, L, V, I in GxG
peptides in water. Ramachandran distributions contain rectangular regions corresponding to mesostates defined in Methods. Values for glycine and
alanine (except those derived within Amber ff19SB) are taken from two previous studies26,28.

of other aliphatic residue, the pPII and pβ basins are clearly sep-
arated. In addition, isoleucine residue samples type I/II’ β -turn
and left-handed helical turn conformations to a greater extent
than any other aliphatic guest residue. The mesostate populations
in Fig. 2b for the Gaussian model show that isoleucine has the
lowest pPII and β t contents of all aliphatic residues. All four MD
force fields overestimate the pPII content of isoleucine (Fig. 2b)

and none of them accounts for isoleucine’s unique propensity for
pβ conformations (Fig. 2a). Fig. S13a-e shows the absolute differ-
ences between the calculated and experimental J-coupling con-
stants. Of the four MD force fields, OPLS-AA/M produces the
lowest and Amber ff19SB results in the largest values of χ2

J and
χ2

VCD (Fig. S13g-h). All force fields, and Amber ff19SB more so
that the other three force fields, underestimate the VCD amide
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I’ profile (Fig. S13i), but reproduce the IR and Raman amide I’
data adequately well (Fig. S14). Interestingly, although OPLS-
AA/M reproduces the experimental data better than the other
three force fields, the respective Ramachandran distribution is
rather distinct from the Gaussian distribution as it lacks sampling
in the pβ and the two turn regions (Fig. 2a). While the compar-
ison of χ2 values indicates that the Gaussian distribution repro-
duces the experimental data better than any MD force field, we
cannot exclude a theoretical possibility that there is more than
one distribution that reproduces the experimental data as well as
the Gaussian distribution described above. Data reported in Table
S3 demonstrate that OPLS-AA/M produces the lowest magnitude
∆SI value (-0.25 J/mol/K) and the ∆SII value (-2.74 J/mol/K),
which is most similar to that predicted by the Gaussian model
(-1.00 J/mol/K).

Aromatic amino acid residues. A comparison between pheny-
lalanine and tyrosine residues is valuable, because these two
residues have aromatic side chains, but only in tyrosine the hy-
droxyl group is attached to the aromatic ring, rendering tyrosine
more hydrophilic than phenylalanine.

Ramachandran distributions and mesostate populations. Ra-
machandran distributions and mesostate populations for two
aromatic residues, phenylalanine and tyrosine, are displayed in
Fig. 3a and b, respectively. Unlike in the case of the aliphatic
group, where chemically similar side chains produced quite dis-
tinct Gaussian distributions, only minor differences are observed
between the Gaussian distributions of F in GFG and Y in GYG,
in agreement with comparable values of experimental J-coupling
constants (Table S1). Whereas Gaussian distribution for pheny-
lalanine exhibits pPII and β conformations with overlapping
basins, these two basins are more separated in the case of ty-
rosine. pPII populations as predicted by the Gaussian model are
similar for both guest residues (Fig. 3b). Interestingly, a recent
study of single and double protonated histidine residue in GHG
in water revealed an equidistribution in the pPII and β -strand
regions similar to the ones for F and Y60. The Gaussian distribu-
tions of F and Y also feature minor basins of conformations on the
right side of the Ramachandran plot (φ > 0).

Phenylalanine. Consistent with the Gaussian model predictions,
MD-derived Ramachandran distibutions for F in GFG display the
pPII and β -strand basins on the left-hand side of the Ramachan-
dran plot, but the β -strand basin is shifted to the more negative
φ values relative to the Gaussian distribution for all force fields
(Fig. 3a). Only in OPLS-AA/M and CHARMM36m the two basins
overlap, in agreement with the Gaussian model. In comparison
to Gaussian model, all MD force fields slightly overestimate the
pPII and strongly underestimate the β t content (Fig. 3b). Amber
ff19SB captures the pPII populations in the best agreement with
the Gaussian model, whereas OPLS-AA/M results in the highest
β t population among the four force fields. The absolute differ-
ences of J-coupling constants with respect to their experimental
values are displayed in Fig. S15a-e. Among the four force fields,
OPLS-AA/M and Amber ff19SB produce the lowest and the high-
est χ2

J values, respectively (Fig. S15g). Fig. S15h shows the χ2
VCD

values produced by the four force fields. Whereas Amber ff14SB

Fig. 3 (a) Gaussian and MD-derived Ramachandran distributions and (b)
mesostate populations of aromatic guest residues x = F, Y in GxG pep-
tides in water. Ramachandran distributions contain rectangular regions
corresponding to mesostates defined in Methods.

yields the lowest χ2
VCD value, the other force fields, in particu-

lar Amber ff19SB, underestimate the experimental VCD amide I’
profiles (Fig. 15i). The IR and Raman amide I’ data are overall
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well reproduced by MD force fields, whereby OPLS-AA/M devi-
ates from the experimental data more than the other three force
fields (Fig. S16). Shannon entropy differences in Table S3 (row 6)
indicate that Amber ff19SB produces that largest absolute value
of ∆SI (-2.39 J/mol/K), suggesting the largest deviation from the
Gaussian distribution. The lowest absolute value of ∆SI is asso-
ciated with OPLS-AA/M (0.42 J/mol/K) and CHARMM36m pro-
duces a comparable value (0.50 J/mol/K). Amber ff19SB yields
the largest absolute value of ∆SII (-2.05 J/mol/K), i.e. the Shan-
non entropy difference between the Ramachandran distributions
of phenylalanine and alanine. Notably, ∆SII calculated within
the Gaussian model has a significantly smaller absolute value (-
0.25 J/mol/K). Of all MD force fields, OPLS-AA/M results in the
∆SII value of -1.33 J/mol/K, which deviates the least from the
Gaussian model prediction.
Tyrosine. MD-derived Ramachandran distibutions for Y in GYG
exhibit well-separated pPII and β -strand basins on the left-hand
side of the Ramachandran plot that do not differ much from Ra-
machandran distributions for F in GFG, (Fig. 3a). Whereas Am-
ber ff19SB captures the pPII population of Y in GYG in agree-
ment with Gaussian modeling, all force fields strongly underes-
timate the β t population, whereby OPLS-AA/M yields the high-
est β t content (Fig. 3b). Gaussian model predicts significantly
lower right-handed helical content for Y in GYG than for F in
GFG and this difference is not captured in MD. Consequently, all
MD force fields other than OPLS-AA/M overestimate the right-
handed helical content for Y in GYG (Fig. 3b). Fig. S17a-e shows
the absolute differences of J-coupling constants with respect to
their experimental values. Among the MD force fields, only OPLS-
AA/M produces a reasonably low χ2

J value (Fig. S17g), whereas
all force fields result in very large χ2

VCD values (Fig. S17h) as
they do not capture the VCD amide I’ profiles at all (Fig. S17i).
The experimental VCD amide I’ profile of Y in GYG (Fig. S17i)
is significantly different from that of F in GFG (Fig. S15i), how-
ever, these differences may not have a structural origin. The VCD
amide I’ profile of tyrosine residue is peculiar because the couplet
is heavily positively biased. This can only be accounted for by
assuming an intrinsic magnetic transition dipole moment for the
N-terminal peptide group. According to Nafie and collaborators
such intrinsic moments can be caused by electric currents along
loops formed by covalent and hydrogen bonds61. We took into
account the same magnetic transition moment for the N-terminal
peptide group of Y in GYG in Gaussian modeling, which is why
the Gaussian model reproduces the experimental VCD amide I’
profile reasonably well. Fig. S18a and c demonstrates the Gaus-
sian and MD-derived Ramachandran distributions capture the
isotropic Raman and IR amide I’ profiles adequately, although
OPLS-AA/M shows the most prominent deviations from experi-
mental data. The Gaussian model outperform the MD force fields
with respect to their capacity to reproduce the anisotropic Raman
amide I’ profile (Fig. S18b). Shannon entropy differences calcu-
lated for tyrosine show that all MD force fields produce compara-
ble and low ∆SI values (∼0.50 J/mol/K). The value of ∆SII pro-
duced by Amber ff19SB is in the best agreement with the Gaus-
sian model prediction (-0.76 J/mol/K and -0.91 J/mol/K, respec-
tively). In contrast, the value of ∆SII calculated for OPLS-AA/M

(-2.99 J/mol/K) deviates the most from the value predicted by
the Gaussian model.

Ionizable amino acid residues. Here the results for proto-
nated aspartic acid, protonated glutamic acid, and arginine guest
residues in respective GxG peptides are described. Notably, only
arginine has a charged side chain at acidic pH, which mimics the
experimental conditions.

Ramachandran distributions and mesostate populations. The Gaus-
sian distributions for ionizable residues in Fig. 4a reveal a distinct
distribution of DP, whereas distributions of EP and R look quite
similar. All MD-derived Ramachandran distributions strongly de-
viate from Gaussian distributions as reflected in large χ2 values
(Fig. 1). The Ramachandran distributions derived within OPLS-
AA/M and Amber ff14SB do not exhibit much residue specificity.
Only Amber ff19SB qualitatively captures the distinct distribu-
tions of DP and EP, while producing similar distributions of EP

and R. The MD-derived mesostate populations alongside their
Gaussian model predictions are displayed in Fig. 4b.

Protonated aspartic acid residue. Previous studies reported that
DP in GDPG in water exhibits a peculiar Gaussian Ramachan-
dran distribution, which is dominated by β -strand rather than
pPII content and is characterized by an above the average pop-
ulations of asx-turn (the upper right quadrant of the Ramachan-
dran plot) and type I/II’ β -turn (i+2) (located slightly above the
canonical right-handed helical basin in the Ramachandran plot).
The asx-turn formation involves hydrogen bonding between the
side chain of DP and the C-terminal amide proton in GDPG. None
of the four MD force fields captures the asx-turn conformations.
The Ramachandran distributions derived from both Amber force
fields exhibit prominent sampling within the left-handed helical
basin. Instead of type I/II’ β -turn (i+2) conformations, MD sam-
pling within all force fields in this general region tends to favor
right-handed helical conformations. While Amber ff19SB cap-
tures the pPII population in agreement with the Gaussian model,
it strongly underestimates the β t population (Fig. 4b). The other
three force fields clearly overestimate the pPII content. Only
OPLS-AA and CHARMM36m result in β t populations comparable
to those derived within the Gaussian model. The J-coupling con-
stants are not well reproduced by any MD force field (Figs. S19a-
e and Fig. 1). CHARMM36m and Amber ff19SB produce the
lowest and highest χ2

J values, respectively (Fig. S19g). The ori-
gin of large χ2

J values can be inferred from Fig. S19a-e. Amber
ff19SB results in a particularly large deviation from the experi-
mental 1J(N,Cα ) value (Fig. S19e), which indicates that the pPII
and β -strand basins are located at too low ψ values. Because
the Karplus parameters fitting errors for this J-coupling constant
are not available, the respective uncertainty used in the χ2

J cal-
culation is purely due to experimental errors and thus smaller,
which increases the relative contribution of deviations from this
experimental coupling constant to χ2

J . The other large contribu-
tion to χ2

J values stems 3J(HCα ,C′) (Fig. S19d) and reflects the
lack of conformations in the upper right quadrant (within the
asx-turn basin) of the Ramachandran plot, in particular within
OPLS-AA/M and CHARMM36m (Fig. 4a). Amber ff19SB in ad-
dition samples in a region with φ < −100◦ and ψ-values close
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Fig. 4 (a) Gaussian and MD-derived Ramachandran distributions and
(b) mesostate populations of ionizable guest residues x = DP, EP, R in
GxG peptides in water. Ramachandran distributions contain rectangular
regions corresponding to mesostates defined in Methods.

to 0◦, which produces a large deviation from the experimental
3J(HN ,C′) value (Fig. S19b). Fig. S19h,i demonstrates that with
an exception of Amber ff19SB, the other three MD force fields
reproduce the VCD amide I’ profile well (Fig. S19i). However,
this agreement with experimental data is an artefact caused by
the overestimation of the pPII content, which compensated for
the lack of asx-turn conformations. Fig. S20 shows that peaks
in the isotropic Raman and IR amide I’ profiles derived from the
Gaussian model and MD force fields are slightly shifted to lower
wavenumbers compared to experimental data. Only the Gaussian

model reproduces the isotropic Raman and IR amide I’ profiles
adequately, whereas Amber ff19SB and OPLS-AA/M exhibit the
largest deviations from experimental data (Fig. S20). The Shan-
non entropy difference ∆SI has the lowest absolute value within
OPLS-AA/M (0.33 J/mol/K), reflecting the most similarity with
the Gaussian model, and the highest absolute value within Amber
ff14SB (2.58 J/mol/K). The value of ∆SII deviates the most from
the corresponding Gaussian model prediction (0.58 J/mol/K) for
Amber ff14SB (2.58 J/mol/K), and the least for OPLS-AA/M (-
0.58 J/mol/K).
Protonated glutamic acid residue. The Gaussian Ramachandran
distribution of the guest EP in GEPG is notably distinct from that
of DP in GDPG (Fig. 4a). The Gaussian modeling reveals that
pPII mesostate is somewhat more populated than all β -strand
mesostates combined. In addition, turn-forming conformations:
type I/II’ β -turn i+ 2 and inverse γ-turn (φ < 0) and left-handed
helical conformations (φ > 0) are sampled to a significant ex-
tent. Notably, none of the four MD force fields produces sam-
pling in the inverse γ-turn region and only Amber ff14SB sam-
ples the left-handed helical basin. All MD force fields produce
comparable pPII populations to that predicted by the Gaussian
model (Fig. 4b). While OPLS-AA/M and CHARMM36m produce
β t populations in qualitative agreement with the Gaussian model,
both Amber force fields underestimate β t and overestimate both
aβ and right-handed helical populations (Fig. 4b). Of the MD
force fields, OPLS-AA/M captures the J-coupling constants the
best (Fig. S21a-e), resulting in the lowest χ2

J value (Fig. S21g).
Apparently, a relatively good correspondence between Gaussian
model and MD-derived populations is not sufficient to yield also
low χ2

J values. All force fields except for Amber ff19SB well re-
produce the VCD amide I’ profiles, resulting in low χ2

VCD values
(Fig. S21h). Measured and calculated Raman and IR amide I’ pro-
files in Fig. S22 show that CHARMM36m-derived isotropic Raman
amide I’ profiles and Amber ff14SB-derived anisotropic Raman
and IR amide I’ profiles deviate the most from experimental data.
Amber ff14SB produces a diminished peak in the lower wavenum-
ber region compared to the other profiles (Fig. S22). In terms
of Shannon entropy difference ∆SI , OPLS-AA/M (-0.74 J/mol/K)
exhibits the most resemblance to the Gaussian model predictions
and Amber ff19SB (-3.32 J/mol/K) deviates from the Gaussian
model the most. With respect to ∆SII values, Amber ff19SB (-
2.01 J/mol/K) deviates the most from the Gaussian model pre-
diction (0.70 J/mol/K) and CHARMM36m produces the value
(0.41 J/mol/K), which is best aligned with the Gaussian model.
Arginine residue. The Gaussian Ramachandran distribution of R
in GRG resembles that of EP in GEPG (Fig. 4a). The mesostates
have comparable populations of pPII and β -strand. Nonetheless,
the pPII basin is more populated in the Gaussian distribution of
R at the expense of combined β -strand conformations, which is
reflected in the respective mesostate populations (Fig. 4b). The
Gaussian distribution also features left-handed helical and inverse
γ-turn populations (Fig. 4a), which are not captured by MD force
fields. While OPLS-AA/M best reproduces the β t content, it un-
derestimated the right-handed helical content (Fig. 4b). In com-
parison, both Amber force fields overestimate the right-handed
helical population. Fig. S23a-e shows the absolute deviations of
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calculated J-coupling constants from their experimental values.
CHARMM36m produces the lowest χ2

J value of all MD force fields
(Fig. 1 and Fig. S23g). Of the four force fields, CHARMM36m
produces the lowest χ2

VCD, followed by Amber ff14SB (Fig. S23h).
The VCD amide I’ profiles in Fig. 23i demonstrate that the Gaus-
sian model best reproduces the experimental profiles, even the
asymmetric ones, whereas MD-derived VCD amide I’ profiles are
all underestimated, in particular within Amber ff19SB. Gaussian
and MD-derived Raman and IR amide I’ profiles in Fig. S24 all
exhibit quite large deviations from experimental data. Amber
ff19SB, Amber ff14SB, and CHARMM36m deviate the most from
the experimental isotropic amide I’ profile while OPLS-AA/M
shows the largest deviation from the experimental anisotropic Ra-
man and IR profiles (Fig. S24). With respect to the Shannon en-
tropy calculations, the lowest and highest absolute values of ∆SI ,
which is a measure of Ramachandran distribution’s similarity to
the Gaussian distribution, are associated with Amber ff14SB (-
0.91 J/mol/K) and Amber ff19SB (-2.49 J/mol/K), respectively.
The Gaussian model predict ∆SIIof arginine residue, which mea-
sures similarity of the guest residue to alanine residue, to be
1.50 J/mol/K. CHARMM36 (0.58 J/mol/K) deviates the least and
OPLS-AA/M (-1.33 J/mol/K) deviates the most from this Gaus-
sian prediction.

Polar amino acids. In this category of polar (but not ionizable)
guest residues, we examine MD force fields with respect to con-
formational dynamics of C, N, S, and T in GxG peptides in water.
This category contains residues with the most diverse side chains.
Cysteine has a thiol side chain with a very low polarity; it is often
classified as a hydrophobic amino acid. The side chain of aspargi-
nine is a carboxamide with more hydrogen bonding capacity than
serine and threonine. Serine and threonine are derivatives of ala-
nine and valine with one hydrocarbon group in the side chain
replaced by a hydroxyl group.

Ramachandran distributions and mesostate populations. Gaus-
sian distributions for all four guest residues in this group show-
case rather balanced pPII and β t conformational basins, although
some of the pPII basins lie outside the pPII mesostate region
defined in Methods (Fig. 5a). The pPII basin is the most popu-
lated in the Gaussian distribution of N, while β t basin dominates
the Gaussian distribution of T. These preferences are reflected in
mesostate populations in Fig. 5b. Fig. 5a also reveals that all
four residues sample various turn regions of the Ramachandran
space: type I/II’ β -turn (i+ 2), type I’/II β -turn (i+ 2), type III’
(left-handed helix), and asx-turn to a significant extent.

The Ramachandran distributions obtained from MD simula-
tions in Fig. 5a show that none of the four force fields adequately
reproduces the Gaussian distributions of these four residues.
MD-derived pPII mesostate populations are mostly overestimated
(Fig. 5b). The exceptions are pPII populations of C in GCG
and N in GNG obtained within Amber ff19SB. With respect to
β t populations, only OPLS-AA/M captures these conformations,
whereas the other three force fields (in particular Amber ff19SB)
favor aβ over β t populations. Ramachandran distributions ob-
tained within OPLS-AA/M exhibit almost no residue specificity;
only threonine’s distributions is slightly different from the other

Fig. 5 (a) Gaussian and MD-derived Ramachandran distributions and
(b) mesostate populations of polar guest residues x = C, N, S, T in
GxG peptides in water. Ramachandran distributions contain rectangular
regions corresponding to mesostates defined in Methods.

three. Ramachandran distributions derived within Amber ff14SB
and CHARMM36m show more guest residue specificity, whereas
Amber ff19SB shows the most. However, the MD-derived residue-
specific differences of Ramachandran distributions do not resem-
ble those predicted by the Gaussian model. MD-derived Ra-
machandran distributions (other than those of C in GCG and S
in GSG obtained within Amber ff19SB), display some sampling of
the type I/II’ β -turn region that only partially overlaps with the
right-handed helix basin. Importantly, MD force fields mostly fail
to capture the sampling in the right side of the Ramachandran
space (φ > 0), specifically in turn-forming regions of type I’/II β -
turn (i+2), type III’ (left-handed helix), and asx-turn.
Cysteine residue. The Gaussian distribution for guest C in GCG
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produces the third lowest pPII population among the residues un-
der study, in part due to a shift of the pPII basin in the positive
ψ direction (Figs. 5) relative to that of A in GAG (Figs. 2). This
shift is not sufficiently accounted for by MD force fields, leading
to large χ2 values (Fig. 1). Of the four MD force fields, only Am-
ber ff19SB accurately captures a decrease in the pPII population
(Fig. 5b). The Gaussian distribution exhibits significant sampling
in the type I/II’ β -turn (i+2), type I’/II β -turn (i+2), and asx-turn
regions. The latter two conformational basins (on the right side
of the Ramachandran plot) are not produced by MD simulations
(Fig. 5a). The absolute values of deviations of the calculated J-
coupling constants from their experimental values are displayed
in Fig. S25a-e. The lowest and highest χ2

J values are generated
by OPLS-AA/M and Amber ff19SB, respectively (Fig. S25g). The
VCD amide I’ profiles are the best reproduced by Amber ff14SB,
whereas Amber ff19SB yields the largest χ2

VCD value (Fig. S25h,i).
Raman and IR amide I’ profiles in Fig. S26 indicate that the Gaus-
sian and MD-derived Raman profiles are shifted slightly to lower
wavenumbers relative to the experimental profiles (Fig. S26a-b).
Gaussian and MD-derived IR amide I’ profiles (Fig. S26c) have
overestimated peak heights, whereby the profile obtained from
the Gaussian distribution deviates from the experimental data the
least. The Shannon entropy difference, ∆SI , assumes the lowest
absolute value for OPLS-AA/M (0.14 J/mol/K) and the highest for
Amber ff19SB (-6.95 J/mol/K). The Shannon entropy difference,
∆SII , measuring the similarity of cysteine to alanine, assumes the
value of 1.41 J/mol/K within the Gaussian model. The ∆SII values
obtained for Amber ff19SB (-4.94 J/mol/K) and Amber ff14SB
(0.67 J/mol/K) deviate the most and the least, respectively, from
the Gaussian model prediction.
Asparginine residue. The Gaussian distribution of N in GNG dif-
fers from the Gaussian distributions of the other three polar guest
residues the most (Fig. 5). While the pPII basin of N is the most
sampled among the polar guest residues under study, the Gaus-
sian distribution is characterized by a comparable sampling of
β t conformations. Note that the Gaussian distribution of N is
unique due to prominent sampling of the extended β -strand re-
gion. Turn-forming conformations within type I/II’ β -turn (i+2)
and left-handed helical regions of the Ramachandran space also
contribute to the conformational ensemble of this guest residue.
Of the four force fields, OPLS-AA/M results in the lowest χ2

J val-
ues as shown in more detail in Fig. S27a-e, where the absolute
values of the difference between the calculated and experimental
J-coupling constants are depicted (Fig. S27g). While the Gaussian
model best reproduces the experimental VCD amide I’ profiles
(Fig. S27h,i), the MD-derived profiles show significantly larger
deviations, whereby Amber ff14SB and Amber ff19SB yield the
lowest and the highest χ2

VCD values, respectively (Fig. S27h). The
Amber ff19SB-derived profile produces an opposite couplet com-
pared to experimental data. Raman and IR amide I’ profiles in
Fig. S28 indicate that a sharp peak in the experimental isotropic
Raman amide I’ profile around 1690 cm−1 is not captured by the
Gaussian model or any MD force field. The IR profile is much bet-
ter reproduced by the Gaussian model than by the MD force fields
(Fig. S28c). Otherwise, the profiles are reproduced fairly well,
whereby OPLS-AA/M deviates the most from experimental data.

Notably, a combined value of χ2
J and χ2

VCD is the lowest for OPLS-
AA/M, however, CHARMM36m is not lagging far behind (Fig. 1c).
Shannon entropy calculations reveal that the lowest absolute
value of ∆SI is associated with Amber ff19SB (4.51 J/mol/K), al-
though all force fields produce large deviations from the Gaussian
model. All ∆SII values strongly deviate from the Gaussian model
prediction of -3.91 J/mol/K. Here, CHARMM36m (2.07 J/mol/K)
deviates the most, whereas Amber ff14SB and OPLS-AA/M pro-
duce the lowest deviation (0.25 J/mol/K) from the Gaussian
model prediction.
Serine residue. The Gaussian distribution of guest S in GSG is
dominated by comparable sampling of pPII and β t basins, fol-
lowed by sampling of type I/II’ β -turn (i+ 2), type I’/II β -turn
(i + 2), and asx-turn regions, similar to the case of C in GCG
(Fig. 5a). The MD-derived pPII content is overestimated, even
in the case of Amber ff19SB (Fig. 5b and Table S2). As observed
for other guest residues, β t and aβ populations are strongly un-
derestimated and overestimated, respectively, by all force fields
(Fig. 5b and Table S2). Absolute deviations of the calculated J-
coupling constants from the experimental data are displayed in
Fig. S29a-e. OPLS-AA/M produces the lowest χ2

J value, while
the χ2

J value from CHARMM36m is not much larger (Fig. S29g).
The Gaussian-derived VCD amide I’ profile reproduces experimen-
tal data the best, although the negative peak is shifted to lower
wavenumbers (Fig. S29h, i). The MD-derived VCD amide I’ pro-
files do not reproduce well the peak magnitudes (Fig. S29i). MD-
derived amide I’ profiles of S in GSG are unique in showing a
strong negative bias for wavenumbers where the experimental
data shows a positive peak. Of the four force fields, only Amber
ff19SB produces the profile with a negative couplet and results in
the lowest MD-derived χ2

VCD value. Raman and IR amide I’ pro-
files in Fig. S30 demonstrate that the Gaussian and MD-derived
Raman amide I’ profiles reproduce the experimental data well.
When assessing the degree of similarity between the MD-derived
and Gaussian distributions by Shannon entropy calculations, we
observe that the ∆SI value of lowest absolute value is produced by
Amber ff19SB (0.81 J/mol/K), while the other three force fields
exhibit larger deviations from the Gaussian model. The Shan-
non entropy difference of serine’s to alanine’s distribution, ∆SII ,
is predicted by the Gaussian model to be -2.24 J/mol/K. In terms
of ∆SII , Amber ff19SB and CHARMSS36m deviate the least (-
0.84 J/mol/K) and the most (2.99 J/mol/K) from the Gaussian
model prediction.
Threonine residue. The Gaussian distribution of central T in GTG
shows predominant sampling in the β t rather than pPII basin of
the Ramachandran space (Fig. 5a), which is reflected also in the
relative mesostate populations (Fig. 5b and Table S2). In addi-
tion, the Gaussian distribution of T in GTG reveals prominent
sampling of type I/II’ β -turn (i+2) and type I’/II β -turn (i+2) re-
gions (Fig. 5a). While Amber ff19SB reproduces the lowest pPII
population of the four force fields, all MD force fields overesti-
mate the pPII populations by at least 10% and strongly underes-
timate the β t population (Fig. 5b and Table S2). The left-handed
type I’/II β -turn (i+2) region is not sampled by any MD force field
(Fig. 5a), which is in part responsible for poor reproduction of J-
coupling constants and VCD amide I’ band profiles (Fig. S31). Of
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the four force fields, OPLS-AA/M produces the lowest χ2
J as well

as χ2
VCD values (Fig. S31g,h). The Gaussian model reproduces the

VCD amide I’ profiles better than MD force fields. The MD-derived
VCD amide I’ profiles do not capture the experimental peak mag-
nitudes (Fig. S31i). The profile derived from Amber ff19SB shows
a positively biased signal in the lower wavenumber region, lead-
ing to a large χ2

VCD value. Raman and IR amide I’ profiles in
Fig. S32 indicate that the Gaussian model-derived isotropic Ra-
man amide I’ profile best reproduces the experimental data, par-
ticularly in the lower wavenumber regions, however, the exper-
imental anisotropic Raman profile proved difficult to reproduce
within the Gaussian model. Amber ff19SB deviates the most from
the experimental IR amide I’ profiles (Fig. S32). The Shannon
entropy difference, ∆SI , assumes the lowest absolute value for
OPLS-AA/M (1.00 J/mol/K), suggesting the most similarity with
the Gaussian distribution. Similarly, ∆SII values calculated for
OPLS-AA/M (-3.24 J/mol/K) and Amber ff14SB (0.17 J/mol/K)
exhibit the smallest and largest deviations, respectively, from the
Gaussian model value (-2.74 J/mol/K).

Amber ff19SB best captures residue-specific pPII content pre-
dicted by the experiment-based Gaussian model

Previous experimental studies shown that the conformational dy-
namics of guest residues x in GxG peptides in water is domi-
nated by a balance of pPII/β -strand populations. Importantly, the
specifics of Ramachandran distribution are strongly side chain-
dependent; turn-forming conformations contribute prominently
to the dynamics of polar and ionizable guest residues with side
chains that possess hydrogen bonding capacity, such as DP, N,
T, and S31–34. Interestingly, some sampling of turn-like confor-
mations is observed also for aliphatic guest residues L, V, and I,
although their respective side chains are not capable of hydro-
gen bond formation. The results described above demonstrate
that Amber ff14SB, OPLS-AA/M, and CHARMM36m strongly un-
derestimate guest residue specificity of the Ramachandran distri-
butions and do not reproduce turn-forming conformational pref-
erences. This may not be surprising, considering that dihedral
potentials in Amber ff14SB and OPLS-AA/M are optimized for
short alanine-based peptides, leading to an overestimation of the
pPII content of most guest residues (other than alanine, glycine,
and arginine) as well as an underestimation of the pPII content
of the central alanine in GAG and AAA26. Unlike Amber ff14SB
and OPLS-AA/M, CHARMM36m and Amber ff19SB both utilize
CMAPs in the parameterization of the backbone dihedral poten-
tials and account for more amino acid-specificity in the backbone
dihedral potentials. Amber ff19SB, while overall performing the
worst of the four force fields with respect to χ2 functions, pro-
duces by far the most distinct guest residue-specific Ramachan-
dran distributions. In particular, Amber ff19SB best captures de-
creased pPII populations of V, Y DP, C, and N relative to A (Table
S2).

To elucidate the amino acid-specificity aspect of MD force
fields, we explore to which extent MD-derived mesostate popu-
lations (pPII, combined β t and aβ , and right-handed helix) cor-
relate with the corresponding populations predicted by the Gaus-

sian model. Correlations plots in Fig. 6 indicate only a few cor-
relations between Gaussian model- and MD-derived populations.
Gray solid lines in each graph in Fig. 6 serve as a visual guide of
ideal correlations and black dot-dashed lines correspond to linear
fits of MD data. Linear regression analysis of the pPII populations
in Fig. 6a reveals some interesting correlations. As shown in Ta-
ble 1, the Pearson correlation coefficient r for pPII populations is
moderately high for Amber ff19SB (r = 0.63) and CHARRM36m
exhibits some, albeit weaker, correlations (r = 0.36), indicat-
ing some agreement with Gaussian model predictions. In con-
trast, the pPII populations within OPLS-AA/M are weakly neg-
atively correlated with those predicted by the Gaussian model
(r =−0.35). Amber ff14SB exhibits a moderately high correlation
of the combined β -strand population with the Gaussian model
value (r = 0.60), followed by a weaker correlation in the case of
CHARMM36m (r = 0.41).

Table 1 Pearson r correlation coefficients between the populations of the
pPII, β (= aβ + β t), and α states of the Gaussian model and MD derived
Ramachandran distributions.

Force Field pPII β α

ff19SB 0.63 0.16 0.11
ff14SB 0.11 0.60 -0.02

OPLS-AA/M -0.35 0.22 0.07
CHARMM36m 0.36 0.41 0.08

It is important to take into consideration that the combined
β -strand mesostate used in this analysis does not distinguish be-
tween aβ and β t populations. Because MD force fields largely
overestimate the aβ at the expense of β t content, which is signif-
icantly more representative of the experimental data, these cor-
relations are of limited value, because the distinction between
β t and aβ is of high relevance in this assessment study. The
other MD-derived mesostate populations are not correlated with
those predicted by the Gaussian model. Fig. 6c shows α pop-
ulations, which are still vastly overestimated by most MD force
fields, by a factor of ∼ 10 in some cases, compared to those in
the Gaussian model predictions. Table S2 demonstrates that α

populations are overestimated in Amber ff19SB, Amber ff14SB,
and CHARMM36m (for guest residues A, L, V, Y, R, S). OPLS-
AA/M generally reproduces the α content better than the other
three force fields, but fails to account for experimentally observed
residue-specificity of the α content.

While the above correlation analysis provides insights that can
aid MD force field development, it could be argued that drawing
conclusions based on mesostate populations may not be too reli-
able due to the some freedom in definition of the mesostates. We
thus also consider the Shannon entropy differences ∆SI , which
offer a quantitative comparison between the MD-derived and ex-
perimental data that does not depend on the definition of the
mesostates. As ∆SI directly compares the MD-derived and Gaus-
sian Ramachandran distributions for each residue, we calculated
the root mean square of the sum over all guest residue ∆SI values
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Fig. 6 A comparison of the MD-derived to the Gaussian-derived populations of (a) pPII, (b) combined transitional and antiparallel β -strand, and (c)
right-handed helical mesostates (as defined in Methods) of the guest amino acid residuesx in GxG peptides. Ideal correlations between the Gaussian
model and force field predictions would fall onto a solid gray line with a slope of one. Black dashed lines represent best linear fits. The corresponding
Pearson correlation coefficients are reported in Table S4.

(Table 2). The results in Table 2 (second column) demonstrate

Table 2 The root mean square sum of Shannon entropy differences ∆SI
and the Pearson correlations coefficient r of a per-residue comparison
between ∆SII values derived from MD (MD) and Gaussian model (GM).

Force Field
√

1
N ∑i ∆S2

I,i r(∆SII,i,MD, ∆SII,i,GM)

ff19SB 3.19 0.02
ff14SB 2.84 0.49

OPLS-AA/M 2.61 0.51
CHARMM36m 2.26 0.23

that CHARMM36m results in the lowest value, indicating the
most similarity to Gaussian model prediction with respect to this
quantity. A linear regression analysis was then performed com-
paring MD-derived ∆SII values to those predicted by the Gaussian
model. The results of this analysis, shown in Table 2 (third col-
umn), indicate some correlations in this quantity for OPLS-AA/M
and Amber ff14SB. The interpretation of the analysis of the Shan-
non entropy differences is complicated by the observation, how-
ever, that this quantity is invariant to the location of mesostate
basins in the Ramachandran space, and thus cannot be used in-
stead of the two χ2 functions, which provide the most concise

assessment of the MD force fields with respect to spectroscopic
data.

It is difficult to gauge an overall performance of the Gaussian
model and the four MD force fields from Fig. 1. For this reason,
we calculate the average values and standard deviations of χ2

J us-
ing two sets of Karplus parameters, by Wirmer and Schwalbe56

(WS) and Ding and Gronenborn57 (DG), and χ2
VCD over all guest

residues. The results are reported in Table 3. The Gaussian model
clearly outperforms all force fields by one order of magnitude. Re-
placing the WS set of Karplus parameters by the DG set slightly
increases all MD-derived χ2

J values. OPLS-AA/M overall outper-
forms the other three force fields, but CHARMM36m produces χ2

J
and χ2

VCD values that are only slightly larger than those for OPLS-
AA/M. Amber ff19SB produces on average χ2 values that are at
least twice as large as the respective OPLS-AA/M values.

Moving toward a more accurate MD force field: Residue speci-
ficity versus water model?

Taking into consideration that three of the four MD force fields
examined above display a severe lack of residue-specificity of the
respective Ramachandran distributions, we here asked if an im-
plementation of coil library into the backbone dihedral and side
chain torsional potentials would allow for an improved agree-
ment with the spectroscopic data. Jian, Zhou, and Wu developed
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Table 3 The average (〈〉) and standard deviation (σ) of χ2
J values for

Wirmer-Schwalbe (WS) and Ding-Gronenborn (DG) sets of Karplus pa-
rameters

and χ2
VCD values calculated over all guest residues un-

der study obtained within the Gaussian model and four
MD force fields. Note that the guest glycine in GGG
is excluded from the calculation of 〈χ2

VCD〉 and σVCD.

Gaussian/MD 〈χ2
J,WS〉±σJ,WS 〈χ2

J,DG〉±σJ,DG 〈χ2
VCD〉±σVCD

Gaussian 1.86 ± 1.89 1.84 ± 2.40 1.46 ± 1.42
ff19SB 38.84 ± 55.56 47.85 ± 78.81 34.03 ± 61.21
ff14SB 24.11 ± 24.82 24.22 ± 27.37 15.75 ± 24.26

OPLS-AA/M 15.33 ± 17.85 17.37 ± 22.07 15.64 ± 21.73
CHARMM36m 15.66 ± 14.83 15.69 ± 15.52 16.46 ± 25.58

a residue-specific modification of OPLS-AA/L force field, RSFF1
(combined with TIP4P/Ew water model49), using statistical anal-
ysis of protein coil libraries derived from high-resolution protein
structures that excluded all amino acid residues involved in sec-
ondary structure (hydrogen bond) formation48. To this end, we
selected six guest amino acid residues across the four categories:
A, I, F, DP, R, and S, acquired the respective MD trajectories of
cationic GxG peptides in water, and derived the Ramachandran
distributions, shown in Fig. 7 (left column). These distributions,
which indeed exhibit residue specificity, are then used to calculate
the five J-coupling constants and VCD amide I’ profiles to facili-
tate a direct comparison to experimental data and the other MD
force fields displayed in Figs. S7, S13, S15, S19, S23, and S29 for
guest residues A, I, F, DP, R, and S, respectively. The χ2

J (for the
two sets of Karplus parameters) and χ2

VCD values derived from
RSFF1 simulations are compared to the corresponding values ob-
tained from other MD force fields and Gaussian model in Fig. 8.
These results indicate that RSFF1-derived χ2 values are compa-
rable to those derived from OPLS-AA/M and CHARMM36m sim-
ulations (Table 4), suggesting that the protein coil library-based
calibration of backbone dihedral and side-chain torsional poten-
tials alone does not significantly improve intrinsic conformational
dynamics of amino acid residues in water.

It is important to note that Ramachandran distributions derived
from coil libraries do not exactly reflect intrinsic propensities of
amino acid residues because the amino acid residue of interest
is flanked by various neighboring amino acid residues in the coil-
library proteins. Coil library-based statistical analysis of backbone
conformations of the amino acid residue is based on averaging
over many conformational ensembles of the residue of interest,
which does not eliminate the influence of nearest neighbor inter-
actions62. Even if only GxG sequences in segments of coil-library
proteins that do not exhibit helical and β -sheet structures are in-
cluded in the statistical analysis, the respective Ramachandran
distribution is expected to differ from the Ramachandran distri-
bution of guest residue x in GxG tripeptides due to the presence
of potential non-local interactions within the loops and turns of
structurally-resolved coil-library proteins, which alters its confor-
mational ensemble33.

Previous studies suggested that the water model play an im-
portant role in the MD force field development10,22,26,58. Meral

Fig. 7 MD-derived Ramachandran distributions and (b) mesostate pop-
ulations of aromatic guest residues x = F, Y in GxG peptides in water.
Ramachandran distributions contain rectangular regions corresponding to
mesostates defined in Methods.

et al. tested OPLS-AA/L combined with TIP3P or SPC/E to as-
sess the intrinsic conformational dynamics of 15 guest residues
in GxG peptides, trialanine, and alanine dipeptide22, Zhang et
al. examined OPLS-AA/L and OPLS-AA/M, each combined with
4 water models with respect to conformational ensembles of cen-
tral alanine in GAG in AAA26, and Milorey et al. evaluated Amber
ff14SB and CHARMM36m combined with TIP3P or OPC for guest
arginine in GRG58. None of these substitutions lead to a major
improvement in the reproduction of experimental data for short
oligopeptides. Interestingly, while examining the issue of pro-
tein solubility on villin headpiece protein domain, Andrews et al.
found that replacing TIP3P in Amber ff14SB by TIP4P/2005 sig-
nificantly increases villin headpiece solvation in agreement with
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Fig. 8 Assessment of the Gaussian model and MD force fields with respect to their ability to reproduce the experimental data for the guest residues
A, I, F, DP, R, and S in cationic GxG in water using (a) χ2

J and (b) χ2
VCD functions. Values presented for GAG, aside from those for Amber ff19SB,

are taken from a previous study26.

Table 4 The average (〈〉) and standard deviation (σ) of χ2
J values for

Wirmer-Schwalbe (WS) and Ding-Gronenborn (DG) sets of Karplus pa-
rameters and χ2

VCD values calculated over six residues (A, I, F, DP, R, S)
under study obtained within the Gaussian model and six MD force fields.
Amber ff14SB combined with TIP4P/2005 is denoted as ff14SB∗∗.

Gaussian/MD 〈χ2
J,WS〉±σJ,WS 〈χ2

J,DG〉±σJ,DG 〈χ2
VCD〉±σVCD

Gaussian 1.36 ± 1.45 1.46 ± 1.23 1.36 ± 1.51
ff19SB 48.24 ± 74.25 71.95 ± 119.43 8.53 ± 7.39
ff14SB 27.24 ± 35.90 32.82 ± 39.01 4.86 ± 5.70

OPLS-AA/M 19.98 ± 25.63 22.72 ± 32.97 5.43 ± 5.87
CHARMM36m 16.54 ± 20.55 18.79 ± 19.74 5.52 ± 6.18

RSFF1 21.87 ± 37.27 17.25 ± 20.71 5.73 ± 5.71
ff14SB∗∗ 20.95 ± 23.05 21.54 ± 23.18 4.01 ± 4.80

experimental observations10. Encouraged by these findings, we
here asked if substituting TIP3P by TIP4P/2005 in Amber ff14SB
simulations improves the agreement with spectroscopic data on
GxG peptides for the same six guest residues x explored by RSFF1:
A, I, F, DP, R, and S. The MD-derived Ramachandran distributions
obtained within Amber ff14SB combined with TIP4P/2005 are
presented in Fig. 7. While a visual inspection of Ramachandran

distributions does not show any specific residue specificity, the
comparison of the corresponding J-coupling constants and amide
I’ profiles in Figs. S7, S13, S15, S19, S23, and S29 for guest
residues A, I, F, DP, R, and S, respectively, reveals a clear improve-
ment over the predictions of Amber ff14SB/TIP3P. These findings
are summarized also in Fig. 8, where all six MD force fields and
Gaussian model are assessed with respect to χ2

J and χ2
VCD values.

While these findings are encouraging and in favor of water model-
centered force field development, Table 4, which shows the av-
erage χ2

J and χ2
VCD values and variances demonstrates that this

improvement is not large when compared to the Gaussian model,
indicating again that water model improvement alone, while crit-
ical, is not sufficient for significant increase in force field accuracy.

Conclusions and Discussion

In this work we assessed four mainstream MD force fields (Am-
ber ff19SB, Amber ff14SB, OPLS-AA/M, and CHARMM36m) with
respect to their capacity to reproduce previously reported spec-
troscopic data comprising of five J-coupling constants and amide
I’ band profiles derived from VCD and Raman spectra of 14 guest
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amino acid residues x in GxG peptides in water30–33,53. Short
model peptides GxG are well suited to capture intrinsic conforma-
tional preferences of the guest amino acids x in water19. Gaus-
sian model, in which the relative weights, widths, and locations
of Gaussian sub-distributions corresponding to distinct mesostate
basins in the Ramachandran distribution are optimized with re-
spect to the experimental data27, is used as a benchmark in this
assessment study. The limitations of Gaussian modeling stem
from the assumption that the mesostate basins can be modelled
as a sum of 2D Gaussian sub-distributions, optimized with re-
spect to weights, locations, and widths along φ - and ψ axes of
the Ramachandran space. The sensitivity of parameters used
in the Gaussian modeling was addressed in several earlier stud-
ies24,26,28. In Gaussian modeling, the basins are ellipsoidal with
the two main axes aligned along φ and ψ axes. Andrews et
al. examined the effect of a rotation of the right-handed helical
basin in the Ramachandran space, which adds φ −ψ correlations
among conformations within this basin, and concluded that such
rotations do not have any identifiable effect on the calculated J-
coupling constants and amide I’ profiles28.

The results of our assessment study, which uses reduced χ2

functions, χ2
J and χ2

VCD, as quantitative evaluation measures,
demonstrate that the Gaussian model reproduces the J-coupling
constants and amide I’ profiles better than any MD force fields un-
der investigation. None of the four MD force fields captures the
experimental data sufficiently well. A comparison of Gaussian
and MD-derived Ramachandran distributions of guest residues x
in GxG reveals systematic deviations in the latter, i.e. overesti-
mation of the aβ at the expense of β t population (which is the
most pronounced in the two Amber force fields), overly sampled
right-handed helical conformations (in all force fields other than
OPLS-AA/M), and a notorious lack of sampling of various types
of turn conformations, which is the most prominent in the case of
ionizable and polar guest residues. The lack of turn-forming con-
formations is specifically visible in MD-derived Ramachandran
distributions of guest residues DP, C, and T, which leads to the
largest deviations from experimental data reflected in large χ2

J
and χ2

VCD values. The Gaussian model produces χ2
J and χ2

VCD
values that are on average one order of magnitude smaller than
those produced by the four MD force fields. On average, OPLS-
AA/M (closely followed by CHARMM36m) produces the lowest
χ2

J and χ2
VCD values, while Amber ff19SB produces the largest χ2

J
and χ2

VCD values.
The above findings indicate a major issue that plagues the MD

force fields, which is the lack of amino acid residue specificity of
the resulting Ramachandran distributions, indicative of a lack of
side chain dependence of the backbone conformational ensemble.
This issue is best illustrated by the variability of the pPII popula-
tion, which is typically underestimated, when compared to the
Gaussian model predictions, for the guest residues with the high-
est pPII content and overestimated for the residues with the low-
est pPII content. Although overall associated with the largest χ2

J
and χ2

VCD values, Amber ff19SB exhibits the highest level of guest-
residue specificity in the Ramachandran distributions. This is
reflected in positive correlations between Amber ff19SB-derived
and Gaussian model pPII populations, which are much smaller

in CHARMM36m, even smaller in Amber ff14SB, whereas OPLS-
AA/M displays negative correlations. While combined β -strand
populations produced by MD force fields display some correla-
tions with Gaussian model-derived counterparts, they do not pro-
vide much insight as the MD force fields are overly biased toward
the aβ rather than β t populations. Interestingly, CHARMM36m
displays some guest-residue specificity and does not produce ex-
treme χ2 values. While Amber ff14SB and OPLS-AA/M do not
show much amino acid specificity, OPLS-AA/M overall performs
relatively well except for glycine and alanine residues. With re-
spect to the two χ2 values used in our assessment, the strengths
of OPLS-AA/M include a lesser bias toward aβ (samples more
β t conformations in most cases) and less sampling of the right-
handed helix region, consistent with the Gaussian model pre-
dictions. Notably, the pPII basins predicted by OPLS-AA/M are
shifted to the negative φ values relative to the Gaussian model
predictions, which may be related to the negative correlations be-
tween the respective pPII populations (in particular for aliphatic
residues in Fig. 2).

Amber ff19SB and CHARMM36m use CMAP energy land-
scapes, rather than uncoupled 1-D functionals used in the other
two force fields, to optimize backbone dihedral potentials and de-
rive parameters for more amino acid residues than the other two
force fields, which allows for more amino acid residue-specific
features to emerge in Ramachandran distributions. This may ex-
plain why Amber ff19SB better reproduces the residue-specific
pPII content in the Ramachandran distributions of the investi-
gated guest residues. However, the poor reproduction of exper-
imental values by Amber ff19SB demonstrates that an increased
number of parameters alone, while important and necessary, is
not sufficient for reproduction of the experimental data. In this
context, it is noteworthy to consider several lines of evidence in-
dicating that the hydration of backbone and side chain is the ma-
jor determinant of the conformational preferences of amino acid
residues in the absence of significant nearest-neighbor interac-
tions22,26,28. Amber ff19SB utilized a continuum implicit water
model in the QM energy calculations, which were used to pa-
rameterize the backbone dihedral and side chain torsional po-
tentials18. However, recent DFT calculations clearly demonstrate
that using explicit water, which can form hydrogen bonds with the
peptide’s functional groups, are necessary to capture the pPII/β -
strand equilibria and produce the experimentally observed pPII
content of alanine residue63,64. The biggest question arising from
these observations is why the explicit water model within the MD
force field (which is based on potentials derived from implicit-
water QM calculations) is unable to account for experimentally-
observed residue-specific conformational ensembles.

Improvements of the residue-specific backbone CMAP poten-
tials (in combination with side-chain torsional potentials) can po-
tentially eliminate the issues of residue specificity and result in
the balance between the β t and aβ conformations that better re-
produces the spectroscopic data. The findings of this study pose a
challenge in the development of the MD force fields because DFT
calculations with explicit water are computationally demanding.
Moreover, it is not clear whether the force field improvement can
be achieved solely by implementing residue specificity into di-
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hedral potentials. Indeed, we tested residue-specific force field
RSFF1 on a subset of 6 guest residues x (= A, I, F, DP, R, S) in
GxG peptides and found that including residue specificity derived
from protein coil libraries does not improve OPLS-AA/L beyond
its latest version OPLS-AA/M. It could be argued that a better
water model would account for improved peptide hydration and
water-peptide hydrogen bonding, thereby mediating interactions
between the side-chain and backbone groups which contribute
to residue specificity. Indeed, replacing the simpler water model
TIP3P by TIP4P/2005 in Amber ff14SB resulted in an overall re-
duction of χ2 values for the six guest residues x (= A, I, F, DP,
R, S). However, the improvement in the χ2 values is only mod-
est and does not bring Amber ff14SB combined with TIP4P/2005
significantly closer to the Gaussian model predictions, indicating
that multiple aspects of the MD force field potential energy func-
tion require modifications. This can be illustrated by the example
of the protonated aspartic acid residue, whose conformational en-
semble is particularly poorly captured by all MD force fields used
in this study. As reported by Hagarman et al. and Rybka et al.,
turn-forming conformations are prominent in conformational en-
sembles of DP, S, and T, which exhibit hydrogen bonding capacity
that has been associated with a relatively high turn content31,32.
These observations combined suggest that the current MD force
fields do not properly account for the hydrogen bonding capacity
of the side chains.

In summary, our study elucidates the inability of the current
MD force fields to capture the intrinsic conformational ensembles
of guest amino acids x in GxG in water. This represents a ma-
jor weakness of the MD methodology for a number of reasons.
First, correctly reproduced Ramachandran distributions of amino
acid residues in short unfolded peptides are required to accurately
model disordered regions of IDPs in the absence of non-local in-
teractions. This is particularly important when determining the
entropic and enthalpic contributions to ligand-induced folding or
binding to IDPs. Second, accurate MD predictions of global prop-
erties of IDPs, such as a radius of gyration and its scaling with
the number of amino acids, require that turn-forming preferences
of amino acid residues are adequately accounted for. Third, the
errors in Ramachandran distributions of guest residues x in GxG
peptides reported in this work are expected to accumulate in MD
simulations of longer unfolded peptides, negatively affecting MD
simulations of IDPs and resulting predictions, impeding the use of
MD as a tool in unraveling the mysteries of IDPs.
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