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Abstract

Molecular dynamics simulations of biomolecules depend fundamentally on the
accuracy of the force field and its interplay with the solvent model. The AMBER
family is the preeminent and most reliable force field for protein simulations, yet
its performance can vary significantly with different water models. This study
presents an unprecedented assessment of this coupling, evaluating 95 AMBER-
water model combinations through 117.75 microseconds of simulation on four
peptides with both structured and disordered conformations. While many pair-
ings capably reproduce ordered secondary structures, our systematic analysis
reveals which combinations also faithfully capture the structural features of
intrinsically disordered regions. The ff15ipq force field with TIP4P-D water model
emerges as a particularly accurate pairing, though several other combinations



show significant promise. This comprehensive evaluation provides crucial guid-
ance for selecting force fields that ensure high fidelity across diverse protein
structural classes.

Keywords: AMBER, Water model, MD simulations, Folding, Unfolding, Secondary
structure, DSSP, Peptide, Force Field, Benchmark

1 Introduction

Classical molecular force fields (FFs)[1] still rely on essentially the same empirical
potential energy expressions first proposed by Lifson and Levitt in 1969.[2] These
approaches are often referred to as classical, in contrast to quantum-mechanical meth-
ods. However, as Lifson himself argued[3] the core distinction between them is not
rooted in classical versus quantum mechanics, but rather in methodology. Quantum-
mechanical calculations are deductive, aiming to predict observable properties from
first principles. Empirical and semiempirical methods, on the other hand, are inductive,
seeking to formulate analytical expressions that reproduce observed phenomena.

Importantly, there is nothing inherently classical about empirical energy func-
tions, as they are not derived directly from classical physics. Instead, they can be
more accurately understood as empirical representations of the Born—Oppenheimer
approximation.[4] Molecular dynamics (MD) simulation is now a widely used and
powerful method to investigate biomolecular systems.[5-7] The quality of MD simu-
lations is determined by the form of the functional, integration algorithm, extent of
sampling, and FF, among which the FF is believed to be the most influential.[8, 9]
Usually, the biomolecular systems are simulated in aqueous solutions; therefore, clas-
sical water models have become indispensable in atomistic simulations. Among all the
models proposed over the years, rigid point-charge ones remain by far the most widely
used.[10, 11]

Several major FF families have been developed in recent years; the key ones are
AMBER,[12] CHARMM,[13] OPLS,[14] and GROMOS.[15] Among them, AMBER is
the most used FF, as shown in Fig. S1 of Supplementary Information (SI), in which
we analyzed all documents published from 1994 to 2025. Recently, the AMBER FF's
have been comprehensively reviewed, with particular attention to the parameteriza-
tion process.[16] The review traces the evolution of AMBER from its origins in the
early 1980s to the key advancements that led to the widely adopted variants ff99SB-
ILDN,[17] f£14SB,[18], and {f99SB.[19] Based on the information reported in the review,
Fig. S2 in SI summarizes the derivation and relationships among AMBER FF versions,
starting from ff94[20], which represents the first FF recommended for modern molecu-
lar dynamics simulations. For each FF, the corresponding recommended water model is
also indicated (references for FFs: f194,[20] f£96,[21] ff94gs,[22] ff-FB15,[23] ff14ipq,[24]
ff15ipq,[25] 199,[26] f99¢,[27] f103,[28] f03w,[29] ff03*,[30] fl03cmap,[31] f03ws,[32]
ff99SB,[19] ff99SB-¢,[33] RSFF2,[34] RSFF2C,[35] RSFF2+,[36] f199SBnmrl,[37],



ff99sbnmrl-ILDN,[17, 37] f199SBnmr2,[38] ff99SB*,[30] ff99SB-ILDN,[17] {f99SB*-
ILDN,[17, 30] ff99sb*-ILDN-Q,[39] ff99sb-ws,[32] ff99SBIDPs,[40] a99sb-disp,[41] DES-
AMBER,[42] ff14SB,[18] f19SB,[43] ff24EXP-GA,[44] ff14IDPs,[45] ff14IDPSFF,[46]
ESFF1[47]).

Furthermore, Wang et al.[16] discuss the challenges that current FFs face in balanc-
ing protein—protein, protein—water, and water—water interactions in MD simulations,
and examine possible strategies to overcome them. Optimizing water models and
protein FFs to better approximate physical reality represents one of the most criti-
cal challenges for achieving balanced FFs. Nonetheless, this goal remains difficult to
attain, with the main obstacle lying in the refinement of non-bonded parameters.

Encouragingly, recent years have witnessed the continuous development of high-
quality water models. Most of these models rely on empirical adjustments derived from
fitting experimental observations of diverse water properties, and they have proven
capable of accurately reproducing a wide range of experimentally measurements.[48]
The development of water models has been guided by the introduction of quantita-
tive metrics and objective functions that capture their thermodynamic accuracy and
enable systematic comparison between models.[49, 50] The optimization of non-bonded
parameters has driven most recent advances. As a result, a consistent and transfer-
able description of solute—solute, solute—solvent, and solvent—solvent interactions can
only be achieved if the non-bonded parameters of biomolecular FF's reach an accuracy
comparable to that of high-quality water models. In simulations of small peptides, the
development of various FFs has often been driven by biases arising from differences
in backbone parametrization, which can lead to the over-stabilization of specific sec-
ondary structures.[51, 52] Historically, particular water models have been favored in
molecular simulations, typically for reasons of convention or compatibility with spe-
cific FF. Nevertheless, only a limited number of studies have systematically examined
how simulation outcomes depend on the choice of water model.[53-55]

In our benchmark, we place particular emphasis on this aspect by sys-
tematically testing combinations of five different protein FFs (ff99SB-ILDN,[17]
ff14SB,[18] ff19SB,[43] fF-FB15,[23] and ff15ipq[25]) with nineteen water mod-
els (SPC,[56] TIP3P,[57] SPC/E,[58] TIP3P-Ew,[59] SPC/E,,[60] TIP3P-FB,[61]
SPC/e,[62] OPC3,[63] TIP3P-ST,[64] TIP4P,[57] TIP4P-Ew,[65] TIP4P/2005,[66]
TIP4P-FB,[61] OPC,[67] TIP4P/e,[68] TIP4P-D,[69] a99SB-disp,[41] TIP4P-ST,[64]
and TIP4P-BG[70]) to assess their performance and mutual balance. While ff99SB-
ILDN, ff14SB, and ff19SB are the most commonly used protein FFs, our benchmark
also includes ff-EFB15 and ff15ipq. The ff-FB15 FF incorporates energies and forces
from high-level quantum mechanical calculations and adjusts all bonded parameters
accordingly. In contrast, ff15ipq employs a novel method to derive atomic charges
that explicitly accounts for solvent polarization effects.[25] Specifically, we selected
four different peptides that are known to adopt either a-helical (PDB code: 1DJF and
1L2Y)[71, 72] or B-hairpin (PDB code: 2GB1(2-19) and 1GB1(41-56))[73] conforma-
tions and that display distinct stability or unfolding behavior in aqueous solution and
we performed MD simulations using all the 95 FF-water model combinations for each
one. In Table 1, a summary of the studied peptides is provided.



Table 1 Summary of the four peptides used in this study, including their sequence, structural motif, and experimental
folding behavior. % deposited and % water indicate the % of peptide adopting the structural motif in the starting
structure and in aqueous solution, respectively.

. PDB Number of  Structural .
Peptide code Sequence Residues motif % deposited % water
H1 1DJF QAPAYKKAAKKLAES 15 a-helix 73% 5% [71]
H2 1L2Y NLYIQWLKDGGPSSGRPPPS 20 a-helix 35% 35% [72]
B1 2GB1(2-19) TYKLILNGKTLKGETTTE 16 [B-hairpin 55% 5% [73, T4]
B2 2GB1(41-56) ~ GEWTYDDATKTFTVTE 16 B-hairpin 62% 25% [73, 75]
2 Results

For each peptide, we analyzed the results obtained for all simulated FF-water model
combinations. As will be shown, the outcome depends on the choice of the FF.
Moreover, significant variations are also observed depending on the specific water
model combined with the FF, with the best performance achieved using the TIP4P-
D water model. In the following, we present a discussion of the results obtained
for all FF-water model combinations, with more detail for this particular water
model in combination with ff15ipq FF. The results for all 95 FF-water model com-
binations can be interactively navigated and analyzed in the accompanying GitHub
repository at https://marinamacchiagodena.github.io/ AMBERFFs-WaterModels/. In
Figures S3-S6 of the SI we provided basic guidance for navigation.

2.1 The H1 Peptide

H1 displays 73% «-helical content in the starting 1DJF PDB structure (derived from
an NMR study performed in sodium dodecyl sulfate), whereas it has been reported
to be poorly structured in aqueous solution (5%, Tab. 1). Characterized by a +4 e
net charge, the H1 peptide sequence includes two Lys-Lys repeats interrupted by an
Ala-Ala motif. The considerable electrostatic repulsion arising from these contiguous
Lys-Lys dyads, along with a helix-disrupting proline at position 3, are key destabilizing
elements that point to very fast unfolding, on the order of nanoseconds.

Across almost all replicates (20 ns x 15), the helical content of the ff15ipg-TIP4P-
D combination (as measured by the DSSP analysis, Fig. 1(a)) decreases within the
first few nanoseconds. By collecting the helical content in each simulation frame and
subdividing the trajectories into nanosecond intervals, we were able to characterize the
unfolding process (Fig. 1(c)) in all 15 MD simulations, averaging the results. Using the
ff15ipq FF in combination with the TIP4P-D water model, the initial helical content
(=~ 70%) decreases to 25% in just 6 ns. The peptide reaches a fully unfolded state within
approximately 15 ns. The widely used ff99SB-ILDN FF combined with the TIP4P-
D water model displays similar behavior, exhibiting an unfolding time (/10 ns) even
faster than that observed with ff15ipq. Notably, the f19SB/TIP4P-D combination -
despite incorporating quantum mechanics-derived two-dimensional CMAP corrections
for the ¢-1 dihedral angles - appears to overstabilize the H1 helix, maintaining more



than 50% helical content at 20 ns without observable unfolding. To ensure that the five
FFs, in combination with all water models, do not stabilize other structural motifs,
we analyzed all secondary structures obtained from the DSSP output files. The results
are reported in Figs. S7-S11 of the SI and show that the predominant structural motif
is the a-helix for all combinations, confirming that our analysis is robust.

Analysis using the DSSE metric indicates a low entropy for the N-terminal residues,
due to the initial coil state in the experimental structure (Fig. 1(b)) for all five FF-
TIP4P-D combinations. Instead, the DSSE values for the central region allow us to
value the FFs’ performance: ff99SB-ILDN, ff15ipq, and ff-FB15 have higher DSSE
values than ff14SB and ff19SB, suggesting that from the simulations performed using
the last FFs, the residues are stably folded and close to the starting structure, failing
to describe the unfolding process properly.

Finally, we quantified the deviation of the helical content from the experimental
finding of 5% (see Tab. 1) in the last nanosecond of each simulation for all FF—water
model combinations. The results are summarized in Fig. 1(d). The choice of FF exerts
the strongest influence on the results, while the selected water model slightly mod-
ulates the trends imposed by it. The best agreement with experiment is obtained
using ff99SB-ILDN and ff15ipq, both of which correctly predict the unfolding process
within 20 ns. In contrast, ff14SB and the newest version, ff19SB, fail to capture pep-
tide unfolding across all water models. Ff-FB15 provides intermediate results, with a
stronger dependence on the specific water model employed.

Among the 3-site water models examined, the SPC model yields the highest accu-
racy, while within the TIP3P family, TIP3P-EW performs best. For the 4-site water
models, the results are generally more consistent and accurate overall, with the TIP4P-
D model providing the closest agreement with experimental helical content. The use
of the TIP4P-D water model also improves the results obtained with ff-FB15 FF, for
which the deviation from the experimental finding drops to a value of 5.0%.
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Fig. 1 a: H1 DSSP calculated from the 15 molecular dynamics simulations of 20 ns each (300 ns in
total), with ff15ipq-TIP4P-D water model combination. Color code: blue, a-helix; green, bent; yellow,
turn; violet, w-helix; gray: 3-helix; white: coil. b: H1 DSSE calculated from 15 repetitions with the five
FFs-TIP4P-D water model combinations: in blue, ff99SB-ILDN; in green, fi-FB15; in yellow, ff15ipq;
in red, ff14SB; and in violet, ff19SB. The shaded area represents the error computed with bootstrap
resampling. ¢: H1 unfolding process calculated for the five FFs-TIP4P-D water model combinations
by averaging the DSSP results of the 15 MD simulations, each of 20 ns. On the y-axis, the percentage
of a-helix, and on the x-axis, the time in ns. In blue, ff99SB-ILDN; in green, ff-FB15; in yellow,
ff15ipq; in red, ff14SB; and in violet, ff19SB. The shaded area represents the error computed with
bootstrap resampling. d: H1 heatmap showing the deviation of the final helical content (in %) from
the experimental findings (see Tab. 1) using different FF-water model combinations. Agreement with
the experiment increases with the intensity of the blue color.



2.2 The H2 Peptide

H2 is a Trp-cage miniprotein known for its stability in aqueous solution. It derives
from the truncation and mutation of a poorly folded 39-residue peptide, resulting
in a 20-residue construct that is over 95% folded in water at physiological pH.[72]
This construct adopts a novel and highly stable fold characterized by cooperative,
hydrophobically driven encapsulation of a Trp side chain within a sheath of Pro rings.
The experimental folded structure displays a helical content of approximately 35%
(see Tab. 1). Comparable results are obtained from MD simulations. Indeed, as shown
by the DSSP and the unfolding process reported in Figs. 2(a) and 2(c), respectively,
the H2 peptide remains stable during all 15 MD replicates. The a-helix is present
in every nanosecond of all 15 simulations. Analyzing Fig. 2(c) in detail, the native
conformer population, with a 35% content of a-helix, is firmly maintained for all five
FFs in combination with the TIP4P-D water model. Furthermore, H2 does not adopt
any other predominant structural motifs, as shown in Figs. S7T-S11 of the SI.

Regarding the DSSE analysis shown in Fig. 2(b), the C-terminal region, where
the Pro residues are located, exhibits higher mobility, with a tendency that increases
linearly with the chosen FF, from ff14SB to ff-FB15. The first region, from the N-
terminal to the tenth residue, presents DSSE values that are very low, except for the
second and ninth residues. The values are comparable for all the tested FFs, suggesting
that their performance in reproducing the folding process is comparable. From the
heatmap in Fig. 2(d), it is evident that all combinations are generally consistent, with
minor variations arising from the water model. The deviation from the experimental
findings is usually less than 3%, except for ff99SB-ILDN in combination with TIP3P,
SPC/E, and a99sb-disp, and for ff15ipq in combination with a99sb-disp.
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Fig. 2 a: H2 DSSP calculated from the 15 molecular dynamics simulations of 20 ns each (300
ns in total), with ff15ipq-TIP4P-D water model combination. Color code: white, coil; blue, a-helix;
green, bent; yellow, turn; violet, m-helix; gray: 3-helix. b: H2 DSSE calculated from the 15 repetitions
with the five FFs-TIP4P-D water model combinations: in blue, ff99SB-ILDN; in green, ff-FB15; in
yellow, ff15ipq; in red, ff14SB; and in violet, ff19SB. The shaded area represents the error computed
with bootstrap resampling. ¢: H2 unfolding process calculated for the five FFs-TIP4P-D water model
combinations by averaging the DSSP results of the 15 MD simulations, each of 20 ns. On the y-axis,
the percentage of a-helix, and on the x-axis, the time in ns. In in blue, ff99SB-ILDN; in green, ff-FB15;
in yellow, ff15ipq; in red, ff14SB; and in violet, ff19SB. The shaded area represents the error computed
with bootstrap resampling. d: H2 heatmap showing the deviation of the final helical content (in %)
from the experimental findings (see Tab. 1) using different FF-water model combinations. Agreement
with the experiment increases with the intensity of the blue color.



2.3 The G-protein Derived B1 and B2 Peptides

B1 and B2, which adopt S-hairpin motifs, are both derived from the same protein but
exhibit distinct conformational behaviors, as discussed in the Method Section.

B1: This sequence originates from the N-terminal fragment; in the starting PDB struc-
ture, the two antiparallel S-sheets involve residues 2—6 and 1317, accounting for 55%
of the peptide. On the other hand, the isolated 2-19 fragment is known experimentally
to be largely unstructured in aqueous solution (see Tab. 1), making it a stringent test
case for assessing spurious secondary-structure stabilization in MD simulations. In the
B1 sequence, the NGKT turn is suboptimal, thereby reducing stability. Moreover, B1
exhibits a limited hydrophobic core with only five hydrophobic residues that are not
well-paired, along with a high glycine content that increases backbone flexibility while
reducing S-strand propensity. Using a two-state (folded—unfolded) approximation and
taking the free energy (AG) difference between the folded (f) and unfolded (u) states
AG = RT In(k, /ky) ~ 42 kcal/mol based on experimental data (see Tab. 1), we can
estimate the unfolding time 1/k, for B1 to be in the range ~ 30 — 40 ns, where we
have adopted a typical 3-hairpin folding rate ky = 106 s71.

As shown in Fig. 3(a) for the ff15ipq—TTP4P-D combination, the two 3-strands
unfold in distinct regions during the simulations. Initially, their combined length
increases, covering approximately 65% of the peptide, before gradually decreasing dur-
ing unfolding. The unfolding pathway varies across the 15 independent MD replicates.
By averaging the DSSP-derived (-sheet content over all trajectories, we observe a
monotonic decrease from the initial ~65% to ~30% after 20 ns (see Fig.3(c)). This
behavior aligns with the estimated unfolding time of 30—40 ns for B1. Reliability of
the ff15ipq-TIP4P-D combination in describing Bl is further supported by the data
reported in Fig. S12 of the SI, which refers the unfolding process at higher temper-
ature (340 K). In this case, the [-sheet content, averaged over 15 independent 50
ns MD simulations, decreases to ~=5% after 20 ns, arriving at a completely unfolded
structure after 30 ns. Instead, the (-sheet content calculated using the other four
FFs in combinations with the TIP4P-D water model remains high, especially with ff-
FB15. Furthermore, we have verified that B1 does not adopt any other predominant
structural motifs, as shown in Figs. S7T-S11 of the SI.

DSSE analysis (Fig. 3(b)) further indicates persistent [-sheet structure in the
central regions (residues 4-5, 9-10, 14-15), consistent with experimental observations
of low-populated chain bends at residues 89 and 14—15. For these residues, the DSSE
values are higher for ff15ipq FF and lower when fI-FB15 FF is used. For all other
residues, DSSE values are quite high, and the ff15ipq FF shows the highest values.
As illustrated by the B1 heatmap of Fig. 3(d), several FF-water model combinations
show a mismatch with the experimental data; in these cases, the FFs tend to over-
stabilize the peptide, with only a negligible fraction adopting the correct [S-hairpin
conformation. The over-stabilization effect is more evident when 3-site water models
are used, and with f-FB15. In this last case, the over-stabilization is also present
in combination with 4-site water models. Ff14SB-TIP4P-ST combination exhibits a
deviation of 24.1%, resulting in the best overall agreement. Deviations below 30% are
also observed for ff14SB combined with OPC and TIP4P-¢ water models. In addition,
encouraging results are obtained with TIP4P-D and a99sb-disp water models. Very



good results are also obtained with ff15ipq in combination with TTP4P-D and a99sb-
ildn; in the former case, the deviation is of 29.5%.

B2: This sequence corresponds to the second S-hairpin of the B1 domain of protein
G. As reported in Tab. 1, it adopts a population containing up to 40% native-like (3-
hairpin structure in pure water under standard conditions. The unfolding time at 297
K has been estimated via nanosecond laser temperature-jump experiments to be on
the order of microseconds.[76]

The initial PDB structure 2GB1(41-56) features S-sheets spanning residues 2-6
and 11-15, covering 62% of the peptide length. DSSP analysis in Fig. 4(a) confirms the
stability of this fold in simulations using the ff15ipq—TIP4P-D combination. The hair-
pin remains stable throughout nearly all 15 independent MD replicates. Furthermore,
we have verified that B2 does not adopt any other predominant structural motifs,
as shown in Figs. S7-S11 of the SI. During the slow unfolding process (Fig. 4(c)),
the native-like conformation persists after 20 ns at approximately 70-75% for all
FFs—TIP4P-D combinations, corresponding to a (3-sheet content of 40-50%. In all
cases, the overall hairpin architecture is conserved, with only minor fraying observed
at the initial antiparallel S-sheet ends, as also indicated by the DSSE profile in Fig.
4(b). Since peptide B2 is known to unfold on the us timescale, while our initial simu-
lations were limited to 20 ns, we performed additional tests on the five FFs using the
TTP4P-D water model. We then ran 15 repetitions of 50 ns simulations each, at an
elevated temperature (340 K). At this temperature, the observed folding population is
close to 10%,[76] in agreement with experimental estimates. These higher-temperature
simulations better discriminate among the FFs under identical solvent conditions. In
particular, ff15ipq and ff99SB-ILDN reproduce the expected behavior, with B2 pre-
dominantly unfolded at 340 K. By contrast, the other FF's tend to overstabilize the
folded state, leading to comparatively high residual folding populations (see Fig. S13
of SI).

Notably, we consistently observe across all FFs a higher DSSE in the N- and C-
terminal regions and a low DSSE value in the central turn region, which is stabilized by
the hydrophobic cluster W-Y-F-W. This pattern aligns well with the observation that
“in the native fold the molecular species contain the complete hydrophobic cluster,
with the most populated species having frayed ends.” [76]

For the ff15ipq—TIP4P-D combination, partial unfolding in standard conditions
appears slightly faster compared to other TIP4P-D—based models. The [S-sheet per-
centage averaged over 15 simulations drops to about 39% at 20 ns, representing a
13.6% deviation from the reference equilibrium value (see Table 1 and Fig. 4(d)).
The unfolding process is likely driven by an initial rapid decay due to the breaking
of hydrogen bonds (HBs) connecting the terminal regions, followed by a much slower
decay to equilibrium that involves the disruption of the central hydrophobic cluster.

Considering all other FFs-water model combinations (Fig. 4(d)), we generally
observe structural stabilization, with S-sheet content exceeding 40% in most cases. For
ff14SB, ff15ipq, and ff99SB-ILDN combined with 3-site water models, we observe a
degree of over-stabilization, with 3-sheet percentages near or above 50%, correspond-
ing to a deviation from the 25% target value of approximately 25 percentage points.
The same trend holds for ff14SB and ff99SB-ILDN combined with 4-site water models.
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Fig. 3 a: Bl DSSP calculated from the 15 molecular dynamics simulations of 20 ns each (300 ns
in total), with ff15ipq-TIP4P-D water model combination. Color Code: white, coil; red, S-strand;
green, bent; yellow, turn; violet, m-helix; black: S-bridge. b: B1 DSSE calculated from 15 repetitions
with the five FFs-TIP4P-D water model combinations: in blue, ff99SB-ILDN; in green, ff-FB15; in
yellow, ff15ipq; in red, ff14SB; and in violet, ff19SB. The shaded area represents the error computed
with bootstrap resampling. ¢: B1 unfolding process calculated for the five FFs-TIP4P-D water model
combinations by averaging the DSSP results of the 15 MD simulations, each of 20 ns. On the y-axis,
the percentage of B-sheet, and on the x-axis, the time in ns. In in blue, ff99SB-ILDN; in green, ff-FB15;
in yellow, ff15ipq; in red, ff14SB; and in violet, ff19SB. The shaded area represents the error computed
with bootstrap resampling. d: B1 heatmap showing the deviation of the final 8-sheet content (in %)
from the experimental findings (see Tab. 1) using different FF-water model combinations. Agreement
with the experiment increases with the intensity of the red color.
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Fig. 4 a: B2 DSSP calculated from the 15 molecular dynamics simulations of 20 ns each (300 ns in
total), with ff15ipq-TIP4P-D water model combination. Color Code: white, coil; red, 8-strand; green,
bent; yellow, turn; violet, m-helix; black: S-bridge. b: B2 DSSE calculated from the 15 repetitions
with the five FFs-TIP4P-D water model combinations: in blue, ff99SB-ILDN; in green, ff-FB15; in
yellow, ff15ipq; in red, ff14SB; and in violet, ff19SB. The shaded area represents the error computed
with bootstrap resampling. ¢: B2 unfolding process calculated for the five FFs-TIP4P-D water model
combinations by averaging the DSSP results of the 15 MD simulations, each of 20 ns. On the y-axis,
the percentage of helicity, and on the x-axis, the time in ns. In blue, ff99SB-ILDN; in green, ff-FB15;
in yellow, ff15ipq; in red, ff14SB; and in violet, ff19SB. The shaded area represents the error computed
with bootstrap resampling. d: B2 heatmap showing the deviation of the final 3-sheet content (in %)
from the experimental findings (see Tab. 1) using different FF-water model combinations. Agreement
with the experiment increases with the intensity of the red color.

12



3 Methods
3.1 The Force Field

The functional form of FFs can be expressed as ¢[Viotal(rij),J], where J is an n x p
matrix containing P parameters for N atoms.
An example of such a functional is:

$[Viotal (755), 3] = Voona (rigs (k57 755}) + Vange (Tm {kE, fok})
+ Vainedrat (rij {ka>n}) + Voaw (rij, {035, €55})
+ Vetec (7i5,{i5})

In practice, only a limited number of parameters is required. Instead of assigning
individual parameters to each of the N atoms in a molecule, atoms are grouped into
general m atom types. As a result, only m < N unique parameter sets are defined.

For non-bonded interactions, the Lennard-Jones (LJ) potential for van der Waals
(VDW) interactions and the Coulomb potential are commonly employed. This neces-
sitates the use of fixed atomic charges. Importantly, the LJ parameters o;; and €;;
are not stored explicitly for every atom pair. Instead, they are calculated from atomic
parameters o;, 0j, €, and €; through specific mixing rules. In the AMBER FF, the
Lorentz—Berthelot (LB) combination rules [77, 78] are applied:

e _ 9it0j
o —
E%B =4/Ei"&j
Furthermore, 1-4 non-bonded interactions are not applied at their full strength; both

the LJ and Coulomb contributions are scaled by predefined factors. In this context,
FF refers to fixed-charge additive FFs within the AMBER framework.

3.2 The Model Systems

The four peptides selected as model systems to evaluate the performance of different
FF-water model combinations are reported in Table 1, which summarizes their main
characteristics, including sequence, structural motif, and experimentally observed fold-
ing behavior in starting structure and in aqueous solution. Two of them, H1 and H2,
are a-helical peptides, yet they display markedly different stability and helical pop-
ulations in water.[71, 72] H1 is derived from residues 56-70 of human platelet factor
4 (PF4), where most Ile and Leu residues were replaced by Ala, resulting in a highly
basic variant. Circular dichroism spectra at physiological pH indicate that H1 pre-
dominantly adopts disordered conformations, consistent with a random-coil signature
in solution. In contrast, H2 is a Trp-cage peptide, a well-characterized motif contain-
ing a compact hydrophobic core centered around a buried tryptophan residue, known
to exhibit significant structural stability and pronounced a-helical content in aqueous
environments.

The remaining two peptides, B1 and B2, correspond to [-hairpin motifs, con-
sisting of a [-turn connecting two strands of an antiparallel (-sheet within the
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immunoglobulin-binding domain.[73] They exhibit distinct folding propensities in
aqueous solution. For B1, circular dichroism spectra indicate that the peptide behaves
as a flexible chain in water, with no clear signatures of a significantly populated folded
structure. NMR data corroborate this observation, revealing predominantly extended
conformations with only minor populations of folded states.[74] In contrast, the far-
UV CD spectrum of B2 displays a minimum near 200 nm and a maximum around
186 nm, consistent with the presence of some secondary structure in equilibrium with
random-coil conformations. Quantitative analysis estimates that approximately 42%
of the peptide preserves the native fold in solution, with the turn region being par-
ticularly stable, based on conformational shifts similar to those observed in native
protein.[75] In Table 1, we report the relative percentages of secondary structure in
water and in the starting structure, as expected based on experimental observations.

3.3 Force Fields-Water Model Combinations

The benchmark includes five protein FFs: ff99SB-ILDN,[17] ff14SB,[18] f19SB,[43]
FB15,[23] and f15ipq[25] and nineteen water models. All possible pairwise combina-
tions were evaluated, yielding 95 distinct simulation setups, to assess the combined
effect of peptide parametrization and water representation on the computed proper-
ties. The water models cover both 3-site and 4-site types, ranging from established
ones such as TIP3P, TIP4P,[57], and SPC[56] to more recent parametrizations like
TIP3P-ST[64] and TIP4P-BG.[70] A complete summary of the selected 3-site and 4-
site models is provided in Tables S1 and S2 of the SI, respectively. Furthermore, to
highlight the differences between the geometric and electrostatic parameters of the
water models, in Fig. S14 of the SI, we reported two radar plots, one for each model

type.

3.4 Molecular Dynamics Simulations

Our methodology is based on ensemble simulations,[79] comprising 15 independent
replicates of 20 ns each. The replicates differ only in their initial conditions (e.g.,
initial velocities). By increasing the likelihood of rare events, such as conformational
transitions, this strategy enables standard molecular dynamics simulations to achieve
effectively enhanced conformational sampling.[80, 81] In this benchmark, all replicas
share the same initial configuration, while their initial velocities were independently
drawn from a Maxwell-Boltzmann distribution.

All simulations were conducted in a cubic box with periodic boundary conditions
using GROMACS 2025.1.[82] To build the topology files, the standard tLEaP[83] and
ParmEd[84] tools are used, fixing the known bug for ff19SB’s CMAPs inclusion. Each
system was first subjected to energy minimization using the steepest descent algo-
rithm. The minimized configuration then served as the starting point for an NPT
equilibration (298.15 K and 1 atm, 100 ps, time-step 1 fs), employing the C-rescale
exponential relaxation pressure coupling with a characteristic pressure fluctuation
period of 2 ps and a V-rescale thermostat [85] with a coupling constant of 1 ps, until
the systems reached a stationary density value, averaged over 5 ps time windows.
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Production runs in the NPT ensemble (298.15 K and 1 atm) were performed for
20 ns with a time-step of 2.0 fs, applying rigid constraints only to X-H bonds (with X
representing any heavy atom) via the LINCS algorithm.[86] Electrostatic interactions
were treated using the particle-mesh Ewald (PME) method[87] with a grid spacing
of 1.2 A, a real-space cutoff of 1.2 nm, and fourth-order spline interpolation. Van
der Waals interactions were computed with a cutoff of 1.0 nm, including long-range
dispersion corrections for energy and pressure.[82, 88|

This protocol yields a total of 300 ns per system combination, corresponding to
28.5 us of cumulative simulation time for each peptide, and a total simulation time of
114 ps.

Furthermore, for B1 and B2 systems, we performed additional production runs in
the NPT ensemble, keeping the temperature at 340 K, for 15 independent replicates
of 50 ns each. These auxiliary simulations were performed for the five FFs/TIP4P-D
water model combinations corresponding to an additional 3.75 us simulation time.

3.5 Analysis

To assess the ability of different FF—water model combinations to reproduce peptide
structural behavior, we developed a benchmarking protocol that evaluates both con-
formational stability and flexibility over MD trajectories. Using the Define Secondary
Structure of Proteins (DSSP) algorithm[89, 90], each frame of the trajectory was ana-
lyzed to determine the percentage of secondary structure elements. The analysis was
carried out by tracking, for each frame, the fraction of residues adopting a-helical
or B-sheet conformation, indicated with H and E for one-symbol secondary structure
designations in output files, respectively. By averaging these values over all simulation
replicas, we obtained a smooth description of the structural trends. This approach
allows us to evaluate the stability of the secondary structure throughout the trajectory
and to detect possible transitions between folded and unfolded states. Regions showing
persistently high helical content indicate structural stability. The resulting struc-
tural populations were then compared with experimental reported values, providing a
direct measure of the agreement between simulations and experimental observations.
Furthermore, since DSSP analysis enables the identification of additional secondary
structure elements, beyond H and E, we examined all of them to be sure that the
FF/water model combinations do not stabilize any alternative structural motifs.

We introduce a novel per-residue descriptor, DSSE (DSSP-based Secondary Struc-
ture Entropy), which integrates two complementary measures: (i) the conformational
variability of each residue over time, and (ii) the deviation of its structural behavior
from the experimentally determined reference. These properties are quantified using
secondary structure information extracted via the DSSP algorithm, which assigns one
of nine discrete secondary structure classes (e.g., a-helix, 8-sheet, turn, coil) to each
residue in each simulation frame. To capture local flexibility, we compute the Entropy
(S) of the DSSP state distribution for each residue i

9

Si=—=> pijlog, pi; (1)

j=1
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where p;; is the frequency of DSSP state j for residue 7 across the trajectory. Low
entropy indicates structural stability (e.g., consistent a-helical conformation), whereas
high entropy reflects structural fluctuation or disorder.

To assess structural fidelity, we compare the per-frame DSSP assignments with the
reference secondary structure, using a normalized similarity score. For each residue, we
compute the proportion of frames in which the simulated secondary structure matches
the reference:

T
Sim; = % > 6V, 55T (2)
t=1
where sgt) is the DSSP state of residue ¢ at time ¢, sgef is the corresponding state
in the reference structure, and ¢ is the Kronecker delta.
The final DSSE score for each residue is computed by combining structural entropy
with deviation from the reference:

This combined metric allows us to distinguish between residues that are stably
folded and close to the reference structure (low DSSE) and those that are either
structurally flexible or poorly aligned with the experimental model (high DSSE).

Implementation was performed in a batch-wise manner over 15 simulation repli-
cas, three batches of 5 replicas each, per peptide. For each trajectory, DSSP values
were extracted. This framework supports robust benchmarking of AMBER, FFs with
water model combinations at residue-level resolution, enabling the identification of
simulation protocols that best preserve native-like peptide folding behavior.

For each FF and water model combination, an error metric was computed to
quantify the deviation from the assigned target values for each peptide. Given a target
value T}, and the corresponding simulation output S}?,wm,
defined as the absolute difference:

the error for peptide p is

FF,W _ | o(p)
e " = | fwm — Tp

The overall error associated with the (FF, W) combination is then obtained by
averaging the individual errors:

1 XN
FF,W _ _* FF,W
E = N, Z €p
p=1
where N, is the number of peptides studied (four in our case). This error value
represents the average deviation from the target values, Mean Absolute Error (MAE)
reported in Fig. 5.
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To investigate how water model parameters influence peptide stability, we focused
on unstructured peptides (H1 and B1). For each peptide p, we defined the peptide-

specific mean Ps(p )7 computed across all FF's and water models as defined in Equation 4:

Nit Num

PP = foNwm Z Z Sffwm (4)

ff=1lwm=1

where Ny and Ny, are the number of FFs and water model respectively. This
procedure removes intrinsic differences between peptides and isolates relative stability
changes induced by the Water model

The relative stability AS f . Oof each peptide in a specific simulation with water
model and FF is then defined as the difference from respective peptide-specific mean:

As(P) — S(P) _ PS(:D) (5)

ffwm I fywm

Finally, we computed the average relative stability AS over all peptides:

N,
— 1
AS=—> As® (6)
N, ,

where N, is the number of peptides considered (two in this case, H1 and B1).
This average relative stability, AS, represents the averaged over all peptides and FFs
and is considered as a function of the water model parameters (dipole moment pu,
Lennard—Jones o, and €) reported in Tab. S3-S4. Multivariate linear regression was
performed using these parameters of each water model as predictors. Continuous pre-
dictors were standardized (zero mean, unit variance) to allow direct comparison of
effect sizes. Regression coefficients () therefore quantify the estimated change in rel-
ative peptide stability associated with a one-standard deviation variation of each
parameter.

Because multiple simulations share the same water model parameters, observations
are not fully independent. To account for this, standard errors were estimated by
clustering observations at the water-model level. This approach acknowledges that
simulations using the same water model may be correlated and yields more reliable
and conservative uncertainty estimates. Statistical analyses were performed using the
Python library statsmodels. [91]

4 Discussion

The combined effect of the FF and the associated solvent model determines peptide
conformational equilibrium. Historically, different protein FFs have been developed
and validated in conjunction with specific water models: ff99SB-ILDN and f14SB are
commonly paired with TIP3P, ff19SB was optimized together with OPC, while ff15ipq
and ff-FB15 rely on distinct, internally consistent solvent representations. In this con-
text, assessing the transferability of FFs across multiple water models provides a
unified framework for identifying general trends governing peptide secondary-structure
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stability. Fig. 5(a) shows the MAE values for each FF/water model combination, com-
puted by averaging the absolute deviations from experimental findings. The lowest
MAE (11.8%) is obtained with the ff15ipq/TIP4P-D combination. Overall, all FFs
combined with 4-site water models show better performance compared to those used
with 3-site water models. Among the 3-site water models, acceptable performance
is observed with SPC, TIP3P, and TIP3P-EW. Based on the MAE values, ff15ipq
and ff199SB-ILDN stand out, followed by fi-FB15. Below-average performances are
observed for ff14SB and ff19SB.

a
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Fig. 5 a: Mean Absolute Error (MAE, %) computed for each FF /water model combination, obtained
by averaging the absolute deviations from the peptide-specific target values after 20 ns. Lower values
indicate better agreement with reference data and are highlighted with a more intense violet color. b:
Average relative peptide stability (AS) as a function of the water model dipole (1) for 3-site water
models. c: Average relative peptide stability (AS) as a function of oxygen LJ e parameter for 4-site
water models.

Across all FFs and peptide systems examined, a consistent relationship emerges
between the effective strength of HB—driven solvent—solvent interactions and the equi-
librium between folded and unfolded states. Water models characterized by weaker
intrasolvent HBs tend to favor unfolded conformations. Conversely, models with
stronger intrasolvent hydrogen bonding tend to stabilize secondary structures. This
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trend is observed independently of the specific geometrical details of the water model,
indicating that interaction strength plays a more decisive role than molecular geom-
etry per se. Notably, however, the mechanistic origin of this overstabilization differs
subtly between 3-site and 4-site models, as distinct parameters modulate the effective
HB strength in each case. To isolate the effect of the water model on the overstabi-
lization of disordered peptides (H1 and B1), a correlation analysis is performed and
summarized in Table S3 and S4 of the SI.

For 3-site water models, AS exhibits a strong positive correlation with the molec-
ular dipole moment 1 (Fig. 5(b)). Models with reduced partial charges - and therefore
weaker water-water HBs - promote unfolding in peptides that are experimentally disor-
dered or only marginally stable. In contrast, experimentally stable sequences (e.g., H2
and B2) show minimal sensitivity to the choice of water model. For disordered peptides,
solvent-mediated backbone stabilization is insufficient to compensate for entropic con-
tributions, resulting in enhanced sampling of extended conformations when the solvent
HB network is weaker. Conversely, SPC-derived and other optimized 3-site models
with larger dipole moments—and thus stronger intrasolvent HBs—artificially reduce
the population of unfolded states, promoting an expanded distribution of a-helix or -
sheet content in peptides known experimentally to be disordered. Despite differences
in parameterization strategies, these high-dipole models share a common feature: they
indirectly enhance intrapeptide HB and backbone contacts, as the highly stable solvent
HB network energetically disfavors peptide—solvent HBs, thereby biasing the system
toward intramolecular stabilization.

The 4-site water models introduce a more refined electrostatic representation
through a massless virtual charge site located along the HOH bisector, while pre-
serving similar O—H geometries across the model family. In these models, variations
in the position of the virtual charge and in the LJ parameters modulate the bal-
ance between electrostatic and dispersion interactions. In contrast to the 3-site case,
secondary-structure overstabilization in H1 and Bl shows only a weak correlation
with the molecular dipole moment but a strong anticorrelation with the oxygen LJ
e parameter (Fig. 5(c)). Specifically, smaller e values are associated with greater
secondary-structure stabilization. This seemingly counterintuitive result can be ratio-
nalized by noting that a reduced oxygen € allows closer oxygen—oxygen approach
in hydrogen-bonded water pairs, thereby strengthening the electrostatic interaction
between the negatively charged virtual site and the hydrogen atom of the partner
molecule. Thus, although different parameters control the effect (dipole moment in
3-site models versus oxygen € in 4-site models), the underlying physical mechanism
remains the same: excessive strengthening of the intrasolvent HB network indirectly
favors intrapeptide hydrogen bonding and secondary-structure formation. These find-
ings are in agreement with the results reported in Ref. [32], where the propensity of
the amber03w/TIP4P-2005 combination to overstabilize disordered peptides is miti-
gated by selectively enhancing the LJ peptide—water interactions through rescaling of
the oxygen e parameter.

This analysis demonstrates that subtle tuning of solvent—solvent interactions in
water models — independently of the protein FF — plays a key role in modulating
the balance between solute-solvent and intramolecular interactions, thereby shaping
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peptide conformational behavior. Improvements in the electrostatic representation of
water, whether within 3-site or 4-site frameworks, can therefore help mitigate spurious
secondary-structure overstabilization observed with many FFs.

The extent to which solvent effects influence peptide conformational equilibrium
depends strongly on the underlying FF. FFs such as ff99SB-ILDN, ff-FB15 and ff15ipq
exhibit a marked sensitivity to the water model, with large shifts in folded—unfolded
populations across different solvent representations. In contrast, ff14SB and ff19SB
display a reduced dependence on the choice of water model, consistent with their
parametrization strategy that incorporates solvent effects more explicitly through
backbone corrections.

Peptide-specific effects further modulate these trends. Sequences unstable in water
display a pronounced sensitivity to solvent—solute interaction strength, with substan-
tial changes in secondary-structure populations across different water models. More
stable peptides retain a significant degree of secondary structure even in weaker
solvents, particularly when combined with FFs that intrinsically favor folded con-
formations. Nonetheless, the qualitative dependence on solvent interaction strength
remains consistent across all sequences examined.

Overall, these results indicate that peptide secondary-structure stability is gov-
erned by a continuous balance between FF-encoded backbone preferences and the
effective strength of solvent—solute interactions. Water models featuring weaker H-
bond networks promote unfolding, whereas models with stronger interactions tend to
overstabilize helical conformations. FF's differ in how strongly they amplify or dampen
these solvent effects, reflecting differences in parametrization philosophy and target
observables. This unified perspective highlights the importance of considering FF and
the water model as tightly and subtly intertwined when investigating peptide folding
and stability in molecular dynamics simulations.

5 Conclusions

We conducted an extensive benchmark, simulating four peptides (two a-helices and
two [-hairpins) with known structural properties in water - ranging from stably folded
to random coil - using five popular AMBER FFs paired with 19 different water models.
These models span from classic 3-site options, like TIP3P and SPC, to modern 4-site
variants, assessing their performance against experimental reference structures. Our
study systematically evaluates many FF—-water combinations that have not been tested
previously, moving beyond established pairings based on convention. This represents a
first-of-its-kind assessment of the water model’s influence on FF behavior, challenging
pairings often based on anecdotal evidence or historical practice.

We find that recent, dihedral-optimized FFs like ff19SB, ff-FB15 and (to a lesser
extent) ff14SB - despite careful quantum mechanics—derived parameterization - sys-
tematically overestimates the stability of secondary structures in peptides known to
be disordered. This overstabilization trend shows little dependency on the choice of
the water model, even when deviating from its standard pairing. The most accurate
FFs for our benchmark set - correctly predicting two-folded and two mostly unfolded
peptides at equilibrium - were the widely used ff99SB-ILDN and ff15ipq. Their best
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performance was achieved in combination with 4-site water models such as TIP4P-
D, which significantly outperformed their standard pairings with three-site models
(TIP3P and SPC/E, respectively).

As a general trend across all FF, water models featuring intrinsically weaker
solvent-solvent H-bond networks are less likely to oppose unfolding when it is expected,
while still maintaining structure for ordered peptides. Conversely, models yielding a
tighter solvent-solvent H-bond matrix (e.g., OPC3, SPC/E) show a tendency to over-
stabilize secondary structure. While overstabilizing FFs (e.g., ff19SB) show minimal
sensitivity to the paired water model, the top performers (ff99SB-ILDN and {f15ipq)
exhibit a marked dependency. This highlights the crucial role of a balanced electro-
statics model. The ff15ipq FF incorporates refitted, environmentally polarized charges,
whereas ff99SB-ILDN relies on in vacuo HF/6-31G RESP charges, which empirically
account for solvent polarization. Their superior performance with specific water mod-
els underscores the importance of a balanced electrostatic treatment between solute
and solvent.

We believe this extensive benchmark - with all data fully available on GitHub -
provides valuable guidance for understanding the critical interplay between protein
and solvent modeling, offering a data-driven foundation for selecting FF and water
model combinations in future biomolecular simulations.

Supplementary information. Figure S1: documents published from 1994 to 2025
that reported the name of one of the most important FF's families. Figure S2: schematic
overview of AMBER FF versions and the water models usually used with each
FF. Figures S3-S6: information for repository navigation. Figures S7-S11: secondary-
structure composition of peptides H1, H2, B1, and B2 obtained from DSSP analysis
at the final simulation time using all FFs/water model combinations. Figures S12-S13:
analysis of B1 and B2 peptides at higher temperature (340 K). Table S1-S2: parame-
ters of the 3-site and 4-site water models used in the present benchmark. Figure S14:
radar plot comparison of geometric and electrostatic parameters for 3-site and 4-site
water models. Table S3-S4: multivariate linear regression results.
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