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ABSTRACT

Computational prediction of thermodynamic components with computational methods has
become increasingly routine in computer-aided drug design. Although, there has been significant
recent effort and improvements in the calculation of free energy, the prediction of enthalpy (and
entropy) remains under-explored. Furthermore, there has been relatively little work reported so
far that attempts to comparatively assess how well different force-fields and water models perform
in conjunction with each other. Here, we report a comprehensive assessment of force fields and
water models using host-guest systems that mimic many features of protein-ligand systems.
These systems are computationally inexpensive possible because of their small size compared to
protein-ligand systems. We present absolute enthalpy calculations using the multi-box approach
on a set of 25 cucurbit[7]uril-guest pairs. Eight water models were considered (TIP3P, TIP4P,
TIP4P-Ew, SPC, SPC/E, OPC, TIP5P, Bind3P), along with five force fields commonly used in the
literature (GAFFv1, GAFFv2, CGenFF, Parsley and SwissParam). We observe that host-guest
binding enthalpies are strongly sensitive to the selection of force-field and water model. In terms
of water models, we find that TIP3P, and its derivative Bind3P are the best performing models for
this particular host-guest system. The performance is generally better for aliphatic compounds
than aromatic ones, suggesting aromaticity remains a difficult property to include accurately in

these simple force fields.
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INTRODUCTION

The sophistication and capability of computational methods to understand biomolecules and their
interactions is increasing rapidly. ™2 Predicting the binding affinities of candidate molecules for a
specific target is a prime goal within computational drug discovery. 34 Computational studies can
provide not only the binding free energy but also entropic and enthalpic components. 5 Prediction
of the thermodynamic components using molecular simulations is crucial to get insight into the
structural elaboration and physical interactions of molecular recognition.  Getting the
thermodynamic subcomponents of the free energy reveals the molecular driving forces at work
and hence should help guide the design of high-affinity binders for the target. Furthermore, an
understanding of these contributions at the atomic level, may help us to better comprehend the

phenomenon of entropy—enthalpy compensation. 7-10

Host-guest systems are promising for studying calorimetric calculations because of their size,
enabling long time-scale molecular dynamics (MD) simulations. -2 They mimic many features
of larger protein-ligand systems that require more computational resource. '3-* Importantly, the
binding affinities of host-guest systems are generally in the same range as protein-ligand systems.
1516 Thus, their small size, simple structure, and predictable protonation states make them ideal
miniature models of molecular recognition. 1> Their simple structures overcome setup problems in
MD simulations, and their small sizes make it possible to reach numerical convergence faster than

protein-ligand systems in explicit-solvent for binding free energy calculations. '7-18

Host-guest systems as tiny models are alternative for informative testing and improving force-
fields before using them in protein-ligand systems. '° It may be complicated to choose which force
field to use in MD simulations for protein-ligand systems, as new options are continually being
offered. Simulators generally prefer to select the most cited or popular force field in their case, but
the ability of all force-fields to replicate experimental data is controversial. 2%-2' Protein-ligand
systems as a benchmark would perhaps seem ideal to test force-fields. However, many factors,
such as simulation setups, long-timescale protein dynamics, pH effects and so on, make these
tests complicated. Host-guest systems offer a benchmark series that overcome many of these
difficulties for the assessment studies of force-fields. Furthermore, they may help not only to select

appropriate force-fields for MD simulation but also to optimize force-fields for a specific case. 20-21

In addition to general force-fields, the force-field parameters of water are crucial factors in

molecular simulations using explicit water models. 22 Although water is a tiny and simple molecule,
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replicating its properties with MD simulations is still challenging. 2326 The choice of water model
significantly affects the simulation results since all water models represent water and its
interactions according to various approaches or paradigms. 232427 Rigid water models with a fixed
charge distribution are popular and commonly used, but their ability to accurately predict entropic
and enthalpic components still needs to be improved. Thus, assessment studies of the water
models have been required to determine which model is capable of producing structural and

dynamic properties of the water. 28

A number of studies have reported how the choice of water model and force-fields affects the
accuracy of MD simulations for the prediction of thermodynamic properties. & 1°.2%-31 Fenley et al.
31 compared TIP3P to TIP4P-Ew water models in binding enthalpy calculations for 8
cucurbit[7]uril-guest pairs, showing that the TIP3P water model yields more accurate results than
TIP4P-Ew. Subsequently, Gao et al. 2% investigated the salt dependency on the binding enthalpy
across four water models, TIP3P, SPC/E, TIP4P-Ew, and OPC, with the choice of parameters for
sodium and chloride using a neutral host-guest pair. Henriksen and Gilson ® examined the
influence of four water models (TIP3P, TIP4P-Ew, SPC/E, and OPC), ion parameters, partial
charge assignment methods, and the cyclodextrin force field on thermodynamic entities. Yin et al.
30 introduced a new TIP3P derivative called Bind3P, using the sensitivity analysis approach. They
evaluated Bind3P by comparing it with the TIP3P, TIP4P-Ew, OPC, and TIP4P-D in
thermodynamics calculations. In the most recent work, TIP3P and Bind3P were compared in a
representative set of organic micropollutants binding B-cyclodextrin. Another recent work reports
a comprehensive study of the diffusivity of a-, B-, y-cyclodextrin in aqueous solutions using TIP3P,
SPC/E,TIP4P/2005 and Bind3P water models. 32 Thus a significant amount of work has already
been done in this area. However, a comparison of widely used methods for general force-field
parametrization has not yet been presented. In this work, we use the direct method with the multi-
box approach to determine the binding enthalpy and comparatively assess eight rigid models for
water along with five different parametrization methods for the host and guests. The results further

highlight the sensitivity to force-field parameter choice in estimating these values.

METHODS
Host-Guest Systems and Force Fields

We used 25 host-guest pairs obtained from various publications to calculate the binding enthalpy.

33-38 We selected ITC experiments without salts or buffers since they may yield significant errors
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relative to experimental data when used to compute host—guest binding enthalpies. 2° Structures
are represented in Figure 1 and are listed in Table 1. Also, the acyclic cucurbituril-derived
TrimerTrip clip molecule with a guest molecule (heptane-1,7-diamine) was used for further
investigations (Figure 5A). 3° We performed MD simulations using five different force field
(CGenFF 4041 GAFFv142, GAFFv2 42, Parsley*3, and SwissParam 44) and eight different water
models (OPC 4%, SPC 46, SPC/E 47, TIP3P 48, TIP4P 48, TIP4P-Ew 4°, TIP5P %, Bind3P *°). We only
used the TIP3P water model for the TrimerTrip simulations. Strictly speaking, these water models
are also force-fields, but the term “water model” is commonly used in the literature and we adhere

to that convention hereafter.

GAFFv1 and GAFFv2 parameters and partial atomic charges obtained with the AM1-BCC method
51-52 were generated by AMBER’s antechamber tool % while CGenFF parameters and atomic
charges 44! were obtained using the CGenFF web server. % SwissParam % topologies and
parameters with MMFF charges were generated by using the SwissParam server. 5 In this work
we were mainly focused on “out of the box” performance, but others have reported for GAFF at
least that consideration of different charge models (RESP and AM1-BCC) appears to make little
difference. '® Parameter and coordinate files are provided for each force field as supplementary

information.
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Figure 1. Chemical structures of the host (cucurbit[7]uril) and guest molecules
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Table 1: Guest molecules with their experimental binding affinities including entropic and enthalpic

components.

Guest AG -TAS AH Ref.
A01 -14.1+0.2 49+04 -19.0+ 0.4 33
A02 -19.4 + 0.1 -0.1+05 -19.3+ 04 33
A03 -20.3 1.7 -21.9+04 33
A04 -21.5 -1.4 -20.1+04 33
A05 -19.1+0.2 04+0.5 -19.5+04 33
B02 -13.4+£0.1 24+0.2 -15.8+0.2 33
B05 -19.5+0.2 -3.9+05 -156+04 33
B11 -206+04 -43+0.5 -16.3+ 04 33
BER -12.95+0.36 -3.87 £0.28 -9.08 £ 0.5 37
CAO -10.79+0.22 -0.88 £ 0.09 -991+0.2 36
CA1 -9.17 £0.16 1.65+0.07 -10.82+0.1 36
CA2 -8.76 £ 0.16 2.82+0.07 -11.58+0.1 36
CTE -5.69 +0.16 7.57 £0.01 -13.2+4.0 34
DHC -8.55+0.28 -043+0.14 -8.12+0.24 38
FTE -6.40 + 0.04 4.68 +£0.01 -11.1+£04 34
NTE -5.64 + 0.09 9.96 + 0.01 -15.6+2.2 34
P01 -8.43 £ 0.02 -4.45 +0.01 -3.98 £ 0.02 35
P02 -8.15+0.11 -1.69+0.04 -6.45+0.10 35
P03 -8.86 + 0.04 -3.70£0.0 -516+0.04 35
P04 -8.83+0.15 -429+005 -455+0.15 35
P1A -8.28 £ 0.06 -1.30+£0.05 -6.98+0.03 35
P2A -8.98 £ 0.03 -2.39 £ 0.01 -6.58 £ 0.02 35
P3A -8.75+0.10 -1.67+£0.06 -7.08+0.08 35
PAL -9.83 £ 0.64 -1.00£043 -8.84+0.64 38
THP -6.88 + 0.54 043+0.36 -7.31+0.41 38

All values are in kcal/mol and to the number of significant digits originally reported. Uncertainties are given
as standard deviations of the mean.

Molecular Dynamics Simulations

All simulations were performed using the Gromacs v2019 software package. %-58 A periodic cubic
water box was used for all systems with 1500 water molecules while 3000 water molecules for
TrimerTrip simulations. A 3-step steepest descent energy minimization with a maximum force of
10 kd/mol/nm was applied to all systems.%® In the first step, all heavy atoms were implemented
position restraints with the harmonic potential at a force constant of 1000 kJ/(mol nm?), after those
restraints on water molecules were removed, and then the final step removed all position
restraints. All systems were equilibrated with a 5 ns NVT and NPT simulations. The V-rescale ¢
and Parrinello-Rahman 8" algorithms were used for temperature and pressure coupling to control
the temperature at 300 K and an isotropic pressure at 1.0 bar, respectively. Unbonded interactions
were calculated up to a cut-off of 1.0 nm with a potential-shift modifier for GAFFv1, GAFFv2, and
Parsley simulations while the calculation was done using a cut-off of 1.2 nm with a force-switching

for CGenFF and SwissParam simulations. A dispersion correction was only applied to energy and

7
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pressure for GAFFv1, GAFFv2, and Parsley. All H-bond lengths were constrained with a LINear
Constraint Solver (LINCS) algorithm.6? Coulomb interactions were evaluated with the Fast smooth
Particle-Mesh Ewald (SPME) electrostatics method with an initial short-range cutoff of 1.0
(GAFFv1, GAFFv2, and Parsley) and 1.2 (CGenFF and SwissParam) nm. 8 The leap-frog
algorithm was used to integrate the equations of motion for 100 ns MD simulation runs with the

periodic boundary conditions. An integration time step was set to 2 fs for all simulations.

Binding Enthalpy Calculations

The binding enthalpy (AH) is calculated by Equation 1, where (E)compiex, (E)waters (E)nost» @and
(E)guest are the averaged potential energies of the system from four separate simulations of the
host-guest complex, water, host, and guest, respectively. This multi-box approach was
implemented by Fenley et al. 3! In this approach, the number of solvent molecules should exactly

balance the stoichiometry of the simulations.
AH = (E)complex + (E)Water - <E)host - <E)guest (1)

Bonded and unbonded states simulations of host-guest complex should have an equal number of
water molecules. If ions, such as sodium and chloride, are present in the solution, then these ions
must similarly be balanced between these states. Note that the pressure—volume contribution is

negligible for the binding enthalpy.

Error Analysis

The standard error of the mean (SEM) is calculated using the blocking method without running
time-consuming additional simulations. 6466 The pyblock python module 67 was used to estimate
the SEM for time-correlated data series. It implements a reblocking analysis to remove serial
correlation from a simulation data and obtain an improved SEM. The blocking method iteratively
calculates averages of the simulation data series into consecutively larger blocks and calculates
the SEM for each block. The experimental SEM listed here were obtained by dividing observed

standard deviations by the square root of the number of replicates for a fair comparison.
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RESULTS & DISCUSSION

Numerous examples of binding affinity calculations using MD simulations are available in the

literature. 11-12. 18-19. 29 Here, this study provides additional insight for the comparison of the force-

oNOYTULT D WN =

fields and water models combinations in the binding enthalpy calculations. We report a
10 comprehensive comparison of the various combinations tested in this work, showing which
combination of parameters has good agreement with experiment for the enthalpy calculation. For
13 this purpose, 2080 independent MD simulations were performed on 25 host—guest systems having
15 experimental data available (Table 1), using the direct, multi-box approach for the binding enthalpy

16 calculations from the difference in mean potential energies.
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Table 2. Statistics between the Computed and Experimental Binding Enthalpy for Each Force Field

OPC SPC SPC/E TIP3P TIP4P TIP4P-Ew TIP5P Bind3P
GAFFv1
Slope 0.99 1.18 1.1 1.23 1.06 1.01 0.57 1.21
Intercept | 0.42 1.22 -0.24 3.20 -2.55 -3.69 -9.40 4.76
R? | 0.88 0.93 0.89 0.93 0.86 0.86 0.38 0.93
Kendall's 1 | 0.80 0.85 0.80 0.82 0.78 0.78 0.36 0.79
RMSE | 2.07 2.22 2.60 2.22 4.02 4.32 6.30 3.15
MSE | 4.28 4.92 6.78 4.93 16.15 18.67 39.7 9.89
MAE 1.52 1.89 2.25 1.90 3.71 3.86 5.31 2.65
GAFFv2
Slope 1.30 1.43 1.37 1.46 1.41 1.35 0.84 1.42
Intercept | 3.86 3.96 2.14 5.01 0.47 0.28 -7.93 7.9
R? | 0.61 0.79 0.79 0.80 0.70 0.69 0.45 0.79
Kendall's 1 | 0.55 0.61 0.62 0.64 0.59 0.56 0.33 0.59
RMSE | 5.75 4.73 4.81 4.62 6.94 6.52 7.86 5.46
MSE | 33.10 22.36 23.16 21.34 48.17 42.57 61.83 29.84
MAE 4.27 4.04 4.09 4.05 6.14 5.83 6.75 4.40
CGenFF
Slope 0.09 0.35 0.26 0.40 0.32 0.21 -0.09 0.45
Intercept | -13.56 -10.37 -13.26 -7.57 -13.28 -14.63 43.01 -5.74
R2 | 0.03 0.43 0.24 0.49 0.28 0.12 0.01 0.54
Kendall's 1 | 0.10 0.45 0.35 0.54 0.37 0.20 -0.06 0.54
RMSE | 6.32 4.95 6.51 3.94 6.98 7.48 56.25 3.76
MSE | 39.92 24.52 42.38 15.49 48.68 55.97 3,163.95 14.17
MAE 5.23 4.27 5.38 3.45 5.83 5.98 55.8 3.22
Parsley
Slope 0.53 0.76 0.70 0.81 0.72 0.58 0.1 0.83
Intercept | -8.86 -6.85 -9.79 -6.52 -10.62 -11.67 -21.57 -3.09
R2 | 0.53 0.73 0.67 0.79 0.67 0.55 0.02 0.81
Kendall's 1 | 0.56 0.68 0.68 0.71 0.68 0.60 0.10 0.71
RMSE | 4.94 492 6.96 492 7.98 7.59 12.98 2.56
MSE | 24.41 2417 48.51 24.25 63.65 57.68 168.44 6.56
MAE 4.02 4.08 6.24 4.26 7.34 6.69 11.21 1.83
SwissParam
Slope 0.62 0.76 0.69 0.77 0.76 0.68 0.39 0.79
Intercept | -9.96 -8.07 -10.43 -3.24 -11.22 -12.92 -13.23 -0.49
R2 | 0.38 0.54 0.48 0.61 0.51 0.52 0.12 0.61
Kendall's 1 | 0.43 0.51 0.50 0.51 0.50 0.47 0.22 0.51
RMSE | 7.25 6.58 7.95 3.59 9.37 9.97 8.95 4.08
MSE | 52.50 43.35 63.19 12.86 87.85 99.37 80.03 16.63
MAE | 6.27 6.07 7.27 2.68 8.85 9.19 7.04 2.86

R? is the correlation coefficient of determination. RMSE is the root-mean-square error. MSE is the mean

squared error. MAE is the mean absolute error.
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Overall Statistics

Overall, the force field combinations produced a diverse agreement with the experimental enthalpy
values (Table 2, and Figure 2). We may define the agreement with experimental values in two
ways: i) accuracy, and ii) ranking ability. Here, we report the accuracy of the calculation using
slope/intercept, RMSE, MSE, and MAE. The ranking ability is reported by the coefficient of
determination (R?) and Kendall’s rank correlation coefficient (1). The smallest RMSE value 2.07
kca/mol), relative to experiment, is obtained with the GAFFv1-OPC combination. Yin et al. 3° also
reported that the OPC water model outperformed Bind3P, TIP3P, TIP4P-Ew, and TIP4P-D water
models in binding enthalpy calculations for octa acid and guests parameterized by GAFFv1. In
another work by the same research group, TIP4P-Ew produced more accurate results compared
to TIP3P, SPC and OPC water models for binding enthalpies of the hosts (a- and 3-cyclodextrin)
and guests. "9 In the first study, GAFFv1 was used for the parametrization of the host molecule,
while the Q4MD-CD force field # was preferred to generate proper conformations matching
experimental data of the host molecule, illustrating that careful treatment of all components should
always be considered. The largest RMSE, of 56.25 kcal/mol, was observed for CGenFF-TIP5P.
No single combination is superior to the others for the binding free enthalpy. However, GAFFv1
may be a preferable default force-field choice for cucurbit[7]uril, since GAFFv1 with all water
models, except Bind3P, outperforms all other force-fields. Previous works showed that Bind3P
with GAFFv1 produced better results than TIP3P in the binding enthalpy calculations for a- and -

cyclodextrin, octa acid, and TEMOA. 30.69

Overall, the Parsley force-field in combination with Bind3P gives the most accurate result (RMSE
= 2.56 kcal/mol). Parsley is a better force field in terms of reproducing QM conformer energies
and geometries than both GAFF versions®, but it only produces better enthalpy predictions when
used in conjunction with the Bind3P water model. Generally, TIP3P and Bind3P have more
accurate results (average RMSE = ~ 3.8 kcal/mol) compared to other water models, and also
show a good correlation among all force-fields, especially in GAFFv1. Surprisingly, GAFFv1
produces better results than GAFFv2 despite the fact that GAFFv2 was released to improve the
performance and to cover a broader chemical space.”! GAFFv1 and GAFFv2 are in the same
force fields and most likely tend to be more consistent with each other. However, GAFFv1 is
slightly more successful for reproducing QM conformer energies and geometries than GAFFv2.7°
Also, a problematic “over-definition” of the dihedrals in the GAFFv2 has been identified by a
SAMPL7 study.”? TIP5P gives the worst results regardless of force-fields. It produces very

inaccurate enthalpy values with CGenFF (Figure 2), making this combination one of the worst

11
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ones we tested. SwissParam (average RMSE = ~6.97 kcal/mol) is the worst force-field if TIP5P
is ignored because of the result in CGenFF. Binding enthalpies computed with GAFFv1 in
combination with TIP3P, Bind3P and SPC water models (Table 2) correlate very well with
experiment (Figure 2): linear regression analysis yields a good correlation coefficient R? = 0.93.
On the other hand, CGenFF gives the worst correlations for all water models. Overall, there is a
tendency to overestimate the binding enthalpies. The CGenFF server produces default host
parameters which clearly require further optimization, at least in our hands. Both GAFFv1 and
CGenFF can provide reasonable force fields for reproducing experimental data even though

CGenFF performs worse overall in the binding enthalpy calculations.”374

12
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Figure 2. Comparison of calculated binding enthalpies with experimental values for different water models.
(A) TIP4P, (B) SPC, (C) OPC, (D) TIP4P-Ew, (E) SPC/E, (F) TIP5P, (G) TIP3P and (H) Bind3P for five
different force fields: CGenFF (teal), GAFFv1 (orange), GAFFv2 (purple), Parsley (pink) and SwissParam
(lime green). The R2 values are also indicated.

In this assessment, it is also important to consider the uncertainties associated with both the
experimental and computational values. The reported experimental uncertainties of the mean
range between 0.01 and 2.31 kcal/mol and most of them are lower than 0.50 kcal/mol. The
uncertainties of the calculated binding enthalpies, based on blocking analysis, have a range of
0.40 to 0.89 kcal/mol. Given these uncertainties, it would seem unlikely that the differences
between experiment and computation can be attributed to under-sampling and there must be other
reasons for the discrepancies. This is supported by the extremely flat convergence graphs shown

in Figure 3, suggesting that the simulation trajectories have good conformational sampling.
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Figure 3. Convergence plot of the binding enthalpy for the systems CB7-A01. The most and worst accurate
combination of force-field are included here. Instantaneous potential energy (at every 1 ns) is shown in red
while the black line shows the cumulative convergence in increasing blocks of 1ns.
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Impact of the Force-fields on the Host Molecule

Strategies for force-field development depend on covering chemical space, training data, and the

approach to optimizing parameters. 7576 Given the challenge of force-field development, there is

oNOYTULT D WN =

often huge variability in their performance across a wide change of thermodynamic properties. As
10 part of our efforts to understand the differences in force-fields to predict enthalpy changes, we
examined the conformation of the host in simulations of the apo state. Parsley and CGenFF result
13 in more structural deviation than other force-fields (Figure 4), leading to conformations that exhibit
15 a clear distortion away from the regular circular conformation observed in the crystal. It is
16 important to note that this kind of distortion has been observed for CB7 when in complex with
18 guests 77. Parsley produced the highest structural fluctuation with 1 + 0.1 A and GAFFv2 had the
19 lowest one with 0.30 + 0.10 A (Figure 4).
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24 —CGenFF —Parsley

— GAFFv1 SwissParam
25 15l — GAFFv2

RMSD (A)

1 =l bt L

% 20 40 60 80 100
time (ns)

GAFFv1

50 Parsley SwissParam PDB: QQ7

52 Figure 4: (A) RMSD of heavy atoms in the unbound state of the host molecule though the simulations
53 solvated with TIP3P for all force-fields. (B) Final frames of the unbound state of the host solvated by TIP3P
54 and the crystal structure (PDB: QQ7).
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Parsley, also known as the Open Force Field, is the most recent of the force-fields examined here,
and was designed to overcome some known limitations of older force-fields, including for example
the calculation of hydration free energies and partition coefficients.*3 65 78 CGenFF was initially
developed based on the CHARMM biomolecular force-fields, and it covers a wide range of
chemical groups and drug-like molecules. 7 Another force-field generation tool, SwissParam,
generates topologies and parameters derived from MMFF, compatible with the CHARMM force-
fields, but SwissParam has been developed for rapid calculations, i.e., docking, minimization, etc.
Thus, it may not be suitable for long MD simulations, despite being used in many MD studies. 4+
80-81 Accordingly, it is useful to include this comparison here. Lastly, we have included GAFFv1
and its second generation, GAFFv2, compatible with the AMBER force-fields. These two force-
fields introduce similar dynamics patterns to the host molecule, but the performance is not the
same for the enthalpy calculation. Indeed, the presence of the large distortions observed for

CGenFF and Parsley does not seem correlated to the performance of enthalpy prediction.

The observations of the potential flexibility of CB7 prompted us to assess enthalpy predictions on
a host predicted to have a larger range of conformational fluctuation. The acyclic cucurbituril-
derived TrimerTrip clip molecule is more flexible compared to our CB7 host molecule (Figure 5).
In this analysis, we randomly picked a guest molecule (heptane-1,7-diamine) having a known
experimental binding enthalpy value. 3° MD simulations using only the TIP3P water model were
performed since there is no obvious effect of water models on the host dynamics and TIP3P is
considered as a “default” water model. All simulations nicely converged the potential energy
illustrated by Figure 5B. GAFFv1 and GAFFv2 successfully computed the binding enthalpy very
near to the experimental value (-10.10 £ 0.04 kcal/mol), but the performance of CGenFF was
relatively poor. SwissParam and Parsley both underestimated the binding enthalpies (Table 3).
The pattern of conformational flexibility observed for CB7 where Parsley and CGenFF have more
structural deviation compared to the others (Figure 4) was not observed for this system (Figure
5B).
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Figure 5: (A) Structure of TrimerTrip and the guest molecule (B) Convergence (green) and
change (blue) of the potential energy for the complex systems and RMSD of heavy atoms in the
unbound (black) and bound (red) state of the host molecule, TrimerTrip, though the simulations
solvated with TIP3P for all force-fields.
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Table 3: Binding enthalpies (AH, kcal/mol) for TrimerTrip and the heptane-1,7-diamine guest
molecule and the TIP3P water model.

Method ﬁ?fn’ﬂ%‘.’)

AHg,p. -10.10 £ 0.04
CgenFF -1.10 £ 0.60
GAFFv1 -9.83 £ 0.63
GAFFv2 -9.36 £ 0.62
Parsley -7.22 £ 0.63

SwissParam -5.57 + 0.60

There are two other tools for topology and parameter generation that we additionally considered
in this study. One of them is LigParGen 82, which was designed to provide OPLS-AA parameters
to be used directly in popular MD machines. 8 We obtained all topologies and parameters for our
molecules in our benchmark using a locally-implemented version of the LigParGen software, since
the maximum ligand size allowed is 200 atoms on the server. Unfortunately, all host-guest pairs
did not stay together during the simulations when these topologies and parameters were used.
Further investigation revealed that during the host parametrization process, the tool assigns a
normal amide carbon (atom type CAM) to the carbon atoms bonded to the oxygen in the host
molecule. This over-simplification may be responsible for the behavior in these simulations, but
confirmation of that would require more detailed investigation beyond the scope of this work.
Thus, at this stage, we could not report any results from this tool for the OPLS-AA force field.
Another tool is the Automated force field Topology Builder (ATB) 84, which provides topologies and
parameters for a wide range of molecules compatible with the GROMOS force-fields. This server
performs a multistep process containing a series of quantum mechanical (QM) calculations
combined with a knowledge-based approach. 8 This server can also provide topologies and
parameters files that can be read by GROMACS MD engine. However, these simulations did not
run to successful conclusion, suggesting the out-of-box results requiring manual intervention,
something we were keen to avoid in this assessment. Furthermore the GROMOS force-fields are

no longer supported within GROMACS suggesting more other issues pertaining to this forcefield.
85
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The Performance of the Water Models

Water has many unique and unusual properties and is thus probably the most extensively studied
molecule. 2% 8 Qur understanding of this tiny molecule is still not complete because of its many
extraordinary properties. 8788 The complexity of its properties has led to the design of many
theoretical and computational models. %> 8 |n biomolecular simulations, a simulator should
carefully select the water model with the most appropriate force-field. 2 because it is not always
obvious whether the water model is suitable under the simulation conditions. Assessment studies
of the models to replicate experimental data are crucial to help in the selection of the best water

model, but such studies are relatively few.

TIP3P and its derivative Bind3P give the most accurate results compared to other water models,
although it must be remembered that different water models may be appropriate for different uses
and it is extremely difficult for any one model to reproduce all of the unique properties of water. %
A sensitivity analysis approach was used to optimize the Lennard-Jones parameters of the original
TIP3P for the development of the Bind3P water model. 3° Bind3P gives the most accurate result
(ie smallest error) when used in conjunction with the Parsley force-field. However, perhaps
surprisingly, the best correlation is found when itis used in conjunction with GAFFv1. TIP3P is the
best water model when working with GAFFv1. The OPC water model fairs well when used with
GAFFv1 (RMSE = 2.07 kcal/mol). TIP5P is generally a very poor performer regardless of host

force-field choice.

The Impact of Aromatic versus Aliphatic Guests on the Assessment

The guest molecules except CTE, FTE and NTE can be sub-grouped into aromatic and aliphatic,
with both groups having eleven guest molecules. We re-analysed the performance of all force-
field and water models according to these groups (SI Raw Data). All water models tend to produce
more accurate and correlated results in aliphatic guest molecules than aromatics ones. Bind3P
produces the best results with a RMSE = 2.11 + 0.41 kcal/mol and an R? = 0.82 + 0.06 averaged
across all force-fields, while it gives an average RMSE = 3.91 + 0.65 kcal/mol and an R2=0.30
0.10 for aromatic molecules. GAFFv1 is the best choice for both groups. GAFFv2 has good
ranking ability for aliphatic molecules even though it produces more accurate results for aromatic
guests with a RMSE = 5.26 + 0.67 kcal/mol. The Parsley-Bind3P is the best combination for
aliphatic guest molecules with a RMSE of 1.06 kcal/mol, whereas the GAFFv1-OPC combination
gives the most accurate result with a RMSE of 1.37 kcal/mol for aromatic molecules. The most
correlated combinations are TIP3P (R? = 0.95) and SPCE (R? = 0.72) with Parsley in aliphatic and
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aromatic molecules, respectively. Interestingly, CGenFF produces more accurate result in
aliphatic guests than SwissParam. However, SwissParam's ranking ability prevails over CGenFF.
Overall this analysis suggests that there is still a lot of room for improvement in the treatment of

aromatic molecules with respect to the calculation of enthalpy.

CONCLUSION

In this work, the binding enthalpy of 25 guest molecules with CB7 are computed by performing
MD simulations using 40 different force-field and water models combinations. The computed
binding enthalpies using the TIP3P and its derivative, Bind3P, are with good agreement with the
experimental values. GAFFv1, perhaps surprisingly, outperforms the other force-fields, and it
produces more accurate results compared to other force-fields. Generally, all force-fields produce
better results for aliphatic than aromatic guests suggesting there is scope for improvement in the
treatment of aromatic molecules. In these and similar studies, we were not able to include
commercially modified force-fields. It would be extremely useful to find ways to assess these as
well in our efforts to improve force-field performance. Nevertheless, the findings here should still
be useful in ongoing attempts to improve force-fields and how well they reproduce the

thermodynamic properties of binding events.
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