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Abstract

End-point free energy calculations as a powerful tool have been widely applied in protein-ligand and
protein-protein interactions. It is often recognized that these end-point techniques serve as an option of
intermediate accuracy and computational cost compared with more rigorous statistical mechanic models
(e.g., alchemical transformation) and coarser molecular docking. However, it is observed that this
intermediate level of accuracy does not hold in relatively simple and prototypical host-guest systems.
Specifically, in our previous work investigating a set of carboxylated-pillar[6]arene host-guest complexes,
end-point methods provide free energy estimates deviating significantly from the experimental reference,
and the rank of binding affinities is also incorrectly computed. These observations suggest the unsuitability

and inapplicability of standard end-point free energy techniques in host-guest systems, and alteration and
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development are required to make them practically usable. In this work, we consider two ways to improve
the performance of end-point techniques. The first one is the PBSA E regression that varies the weights of
different free energy terms in the end-point calculation procedure, while the second one is considering the
interior dielectric constant as an additional variable in the end-point equation. By detailed investigation of
the calculation procedure and the simulation outcome, we prove that these two treatments (i.e., regression
and dielectric constant) are manipulating the end-point equation in a somehow similar way, i.e., weakening
the electrostatic contribution and strengthening the non-polar terms, although there are still many detailed
differences between these two methods. With the trained end-point scheme, the RMSE of the computed
affinities is improved from the standard ~12 kcal/mol to ~2.4 kcal/mol, which is comparable to another
altered end-point method (ELIE) trained with system-specific data. This phenomenon along with the
extremely efficient optimized-structure computation procedure suggests the regression (i.e., PBSA E as well
as its GBSA_E extension) as a practically applicable solution that brings end-point methods back into the
library of usable tools for host-guest binding. However, the dielectric-constant-variable scheme cannot
effectively minimize the experiment-calculation discrepancy for absolute binding affinities, but is able to
improve the calculation of affinity ranks. This phenomenon is somehow different from the protein-ligand
case and suggests the difference between host-guest and biomacromolecular (protein-ligand and protein-
protein) cases. Therefore, the spectrum of tools usable in protein-ligand cases could be unsuitable for host-
guest binding, and numerical validations are necessary to screen out really workable solutions in these

‘prototypical’ situations.

Keywords: Pillar[n]arenes, Host-guest Binding, End-point Free Energy Methods, Regression, Dielectric

Constant
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1. Introduction.

Computational techniques are widely applied in drug discovery.!® Considering the balance between
computational cost and prediction accuracy, often a hierarchical scheme is employed.’!? A large set of
potentially useful candidates are first screened with crude methods, after which more detailed techniques are
employed to pick promising molecules from a smaller screened set. The costliest technique on this
computational ladder would be the alchemical method, which constructs a thermodynamic cycle with
several artificial transformation legs connecting states of interest (e.g., the bound and unbound states).'*"!”
However, as such rigorous treatment requires extensive sampling in the configurational space, the
computational cost of the alchemical technique is too huge to be practically usable when a number of
molecules are under investigation. Methods that are a bit less computationally demanding are end-point free
energy methods of MM/PBSA and MM/GBSA..!#2° These end-point techniques are computationally feasible
due to their approximated calculation procedure. The most widely employed end-point scheme uses the
single-trajectory approximation and only samples the well-defined bound conformation. The enthalpic and
entropic contributions are computed with snapshots from this single trajectory and ultimately combined to
derive the free energy of binding.?!"*> Compared with end-point techniques that rely on all-atom force fields
and molecular simulation, an even coarser and cheaper technique is molecular docking. The method
incorporates simpler energy/scoring functions and sampling methods, which enables fast screening and
highly efficient conformational sampling.2®2®

Compared with protein-ligand complexes, host-guest systems are smaller in size and simpler in
structural features. Specifically, the host molecules are often cylindrical macrocycles with symmetrical rims
that have a limited number of rotatable bonds, which leads to their limited conformational flexibility and
thus smaller conformational space.?®** Further, the number of functional groups is also small in these
macromolecular containers, which leads to their limited capability of forming distinct interaction patterns
with the external agents. Host-guest systems are often considered prototypical cases of protein-ligand
complexes. Thus, macrocyclic hosts are widely employed in many laboratory and industrial applications,
e.g., drug delivery, catalyzed synthesis, and molecular machinery.**>> Pillar[n]arenes as a host family
popular in modern chemical research have satisfactory ligand-binding ability.**** However, their low
aqueous solubility limits the practical application in biomedical treatments. Chemical modifications of the
host cavity are often considered an effective solution.*>*® For instance, carboxylated-pillar[6]arenes (WP6)
with enhanced water-solubility, strong guest-binding ability, tunability and intermediate cavity volume and
49-52

entrance size are promising instruments in drug delivery and reservoir.
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Despite the massive application of end-point free energy techniques in protein-ligand and protein-protein
interactions, understandings of their practical performance in prototypical host-guest binding are rather
limited. This calls for systematic benchmark calculations with detailed investigations of the underlying
physics. Based on the obtained insights, constructive solutions to improve their performance can finally be
proposed, making them practically usable tools in the computational investigation of host-guest binding. In a
recent work, we report a thorough evaluation of end-point methods with the standard (popular) procedure in
a set of WP6 host-guest systems.> Specifically, we consider four modelling details including the scoring
function used in docking (two scoring functions), the charge scheme for solutes (three charge sets), the water
model for solvation (two water models), and the end-point method used in free energy estimation (two end-
point schemes). The resulting calculation regimes include 24 combinations, covering almost all popular
selections in modern researches. However, all of these combined end-point calculation schemes could
neither reproduce the experimental binding affinities nor correctly compute the rank of affinities, which
proves that end-point free energy calculations are actually inapplicable to host-guest binding. This is in stark
contrast to the recognized performance of end-point techniques in protein-ligand complex. Possible reasons
causing the underperformance of end-point calculations in host-guest complex along with further directions
for developments have been discussed extensively in our previous work.>* In the current work, building on
previous observations of the standard end-point procedure, we expect to extend the evaluation by
considering two altered regimes that could lead to improved performance. Specifically, we consider the
regression and dielectric-constant-variable alterations that change the weights of free energy terms in the
end-point calculation. In the PBSA_E regression,> the weights of free energy terms are pre-trained with
end-point and experimental results of a huge number of protein-ligand complexes. The fitted formula
achieves better reproductions of both the absolute binding affinity and the rank of affinities (e.g., with
RMSE ~2 kcal/mol).>* However, due to the existence of many differences between the designed usage of
PBSA_E and the current host-guest calculation (e.g., structure generation and force field), whether the
weighting factors in this transferable scheme are suitable for host-guest systems remains unknown. In the
dielectric-constant-variable scheme,'? >3- the polar interactions inside the complex are scaled by an
effective internal dielectric constant of the heterogeneous dielectric environment. It is often observed that
values slightly larger than the standard unity could lead to pronounced improvements in the prediction
quality of end-point calculations, but whether this treatment applies to host-guest systems remains
unclarified. Extensive numerical experiments performed in this work suggest that both techniques could
effectively improve the quality of prediction. Further, through a detailed analysis of the calculation
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procedure of the two regimes, we provide insights into the relationships between the two altered schemes

and explanations of their dependence on various modelling parameters.

2. Modelling Details.

2.1. Model Construction.

The system construction follows exactly the same protocol used in our previous work.>* Briefly, the 3D
chemical structures of all molecules shown in Fig. 1 are grabbed from the GitHub site of the SAMPL9
challenge.’® To make our benchmark test of end-point calculations thorough, we consider a set of
parameter/force-field combinations. The changeable modelling details include the charge scheme for solutes,
the water model, and the scoring function used in the generation of the initial bound structure.

For atomic charges, two popular fixed-charge models including AM1-BCC®® and restrained electrostatic
potential (RESP)® are considered. Two RESP charge sets are generated due to their noticeable difference in
the electrostatic potential (ESP) around each molecule observed in our previous work.>® The fitting target of
the RESP-1 charge set is the molecular ESP scanned at the traditional HF®!-%3/6-31G*, while the target level
of the second RESP charge set (RESP-2) is B3LYP®**%/def2-TZVPP with the IEFPCM implicit solvent. All
the other missing force-field parameters are obtained from the second generation of the general AMBER
force field (GAFF2)%7 and a recent publication adding the parameters for Si-related species.®®

For water molecules, we employed two popular 3-point models including TIP3P% ° and SPC/E."* As all
parameters of these two water models (e.g., charges and force constant) differ, the solvation environments
produced by these water models differ, which ultimately leads to the water-model-dependent behavior of the
conformational/energetic preference of each molecule involved in the inter-molecular coordination and
alters the binding thermodynamics.

The bound structure of each host-guest complex remains unknown, which is often solved via molecular
docking. Following our previous work,> we use the Autodock Vina’ program to generate the initial guess,
i.e., picking the top-1 (the most stable) structure provided by docking. As the starting configuration could
have a significant impact on the simulation outcome, especially when the simulation is performed in an
unbiased way. Thus, we consider two scoring functions including Autodock4 (AD4) and Vina™ % in
molecular docking. The two scoring functions differ in both the definition of energy terms and
computational complexity, and show somehow different behaviors in many benchmark calculations.’ 74 7
Also, according to the analysis of binding modes produced by the two scoring functions reported in the first

paper of this WP6 end-point series, for many host-guest pairs there are obvious structural differences.>
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The consideration of three charge schemes for solutes, two water models, and two scoring functions
leads to a total of 12 combinations of model-construction protocols. Using each protocol, for each host-guest
pair, the most stable bound configuration (i.e., the binding pose with the highest docking score) is selected.
Then, the complex is parametrized (e.g., the above-mentioned charge schemes) and solvated (with TIP3P or
SPC/E) to create a simulation box. Non-polarizable monovalent spherical counter ions’® 7’ of Na* or CI- are
added for neutralization. Periodic boundary conditions are employed to replicate the unit cell in the whole
space.

2.2. Molecular Simulations.

For each simulation box constructed with the above-mentioned protocols, we perform some level of
molecular simulation to accumulate configurational snapshots. Note that this procedure is only employed in
the dielectric-constant-variable case, as the PBSA_E model uses a single optimized structure in free energy
estimation. In molecular simulations, starting from the docking-produced binding pose, we perform 5000
steps minimization, 300 ps constant-volume heating with weak harmonic restraints on solutes and 1 ns NPT
equilibration to reach the physiological condition. For production, we perform 100 ns NPT simulations with
a sampling interval of 10 ps. We employ the SHAKE constraints on bonds involving hydrogen atoms to
remove high-frequency motions.”  We use Langevin dynamics® with the collision frequency of 2 ps™ for
temperature regulation and a time step of 2 fs. The cutoff for non-covalent interactions is set to 10 A, and the
PME method is used to treat long-range electrostatics.®! The GPU version of the pmemd engine with the
hybrid precision (SPFP) in the AMBER®? suite is used for dynamics propagation.

The trajectories are used as input to the end-point equation to extract binding affinities. The standard

end-point free energy estimation follows the following formula,

AG = AE, . + AE 4 + AG +AG TAS

binding elec solv,polar solv,non-polar gas (1)

The first two components arise from the gas-phase enthalpic contribution, i.e., inter-molecular electrostatic
and vdW interactions. The third and fourth terms come from the (de)solvation effects. The last term is the
entropy change upon the formation of the inter-molecular coordination. The gas-phase enthalpic
contribution (i.e., the first two terms) can be directly computed with all-atom force fields. The solvation
terms are often computed with implicit solvent models. In our calculations, the polar part AG §

solv,polar

computed with PB® or the popular GB°B® model (with the second set of modified Bondi radii),® & and the
non-polar contribution is treated with the solvent-accessible surface area method.® The last term can be

calculated with normal mode analysis (NMA),®" quasi-harmonic approximation® and so on.®*-° In our
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previous WP6 work, the end-point calculation using the standard procedure selects the NMA method due to
its popularity, and 50 snapshots equally spaced in the 100 ns unbiased sampling are included in

calculation.®®

3. Results and Discussions.

3.1. Altering the weights of free energy terms.

The first alteration of the end-point calculation procedure is regression, which adjusts the weights of free
energy terms in the end-point calculation to improve the results. Such parameter adjustment does not expect
to improve the accuracy of every term involved in the calculation, but seeks for error cancellations that
minimize the discrepancy between calculation and experiment. In the current work, we do not fit the weights
of terms in Eq. (1) with numerical data in the current WP6 host-guest dataset or similar host-guest
complexes, as this system-specific regression procedure would limit the transferability of the calculation
procedure. By contrast, we use the pre-fitted formula of PBSA_E,>* which is obtained by applying the
regression analysis on a huge set of protein-ligand complexes. The PBSA_E method divides the free energy

terms in Eq. (1) into four groups, the detailed definitions and weights of which are presented below.

AGy; 4ing = 0.03037(AE,,.. + AG )+0.07791AE, ,,, +1.2193AG +0.1854N_,  (2).

binding elec solv,polar solv,non-polar

The polar contributions (both gas-phase and solvation) are included in the first term, which can thus be
considered the net electrostatic contribution to the final binding free energy. The second term is the inter-
molecular vdW interaction, the third term is the non-polar solvation. These two terms are often grouped into
non-polar interactions. The last entropic contribution, which is often computed with the costly NMA in
standard end-point calculations, is substituted/approximated with a computationally cheaper scheme, the
number of rotatable bonds of the ligand/guest. Further, previous applications of the PBSA E method suggest
that the free energy estimate obtained with a single optimized configuration could be closer to the
experimental value than that with extensive sampling. Thus, the method is often used with a single energy-
minimized bound structure. In many protein-ligand complexes, the PBSA E method outperforms popular
scoring functions and also standard end-point methods.’* Overall, the above features of the PBSA E scheme
make it a low-cost end-point scheme. Aside from the original PBSA_E formula, we also consider the GB
extension, i.e., directly substituting the polar solvation term of PB with GB solvation. The GB extension of
the PBSA E scheme is named GBSA _E, the validity of which would be discussed later.

The regression procedure of the PBSA _E model differs from the current WP6 host-guest cases in many

aspects. First, in the training of the PBSA E model, the solutes are described with the RESP-1 charge
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scheme and an older version of the general AMBER force field (i.e., GAFF), while in the current
calculations we consider three charge sets (AM1-BCC, RESP-1 and RESP-2) and the latest version of the
transferable force field (i.e., GAFF2). Second, the PBSA E model is trained with a large set of protein-
ligand complexes. These inter-molecular coordinations between biomacromolecules and small external
agents obviously differ from the current WP6 host-guest cases. Third, the training and application of the
PBSA_E scheme always use the crystal structure of the complex, while in the current WP6 host-guest case
the experimental coordination feature is unavailable and we are actually dealing with docking-produced
bound structures. Due to the existence of these obvious differences between the training procedure and the
designed usage of the PBSA E weights and the current investigation of WP6 host-guest binding, it is
difficult to say whether the educated end-point regime could perform satisfactorily in the current
calculations. Thus, some numerical experiments are needed.

Some insights from weighting factors.

Before discussing numerical results, we first analyze the weighting factors in detail to grab some insights
into what the numerical regression really does to the standard end-point calculation. The weight of the polar
interactions is the smallest one in Eq. (2) and is much smaller than 1, which suggests the suppression of the
electrostatic contributions to the net free energy change. As for the non-polar contribution, the contribution
from the gas-phase vdW interaction is also weakened (smaller than 1) but is still much larger than the
electrostatics, and the non-polar part of solvation receives the largest weighting factor in the formula. This
phenomenon suggests that the PBSA_E regression actually emphasizes the non-polar contribution
(especially the non-polar solvation) but weakens the impact of electrostatics in end-point free energy
estimation.

Based on these observations, the impacts of variations in the modelling details could be predicted. It is
expected that the charge scheme would not have a significant impact on the PBSA_E free energy outcome,
as the electrostatic interactions are scaled down significantly. Second, for the water models, as only
geometry optimization is performed starting from the docking-produced bound configuration, the
perturbation to the initial configuration is expected to be minimal and the water model does not have a
significant impact on the bound structure used in the PBSA_E calculation. Third, the docking procedure is
expected to have some impacts on the PBSA_E estimate, as the initial conditions show some differences due
to the differences in scoring functions. However, the magnitude of this docking-induced variation is difficult
to quantify without some numerical experiments. Finally, for the GBSA_E extension of the original
PBSA_E formula, as the polar contribution of solvation is also scaled down significantly and the PB and GB
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solvation terms do not exhibit huge differences, the free energy estimates obtained with these two solvation
models (i.e., the original PBSA_E and the extension GBSA_E) are also expected to be similar. Overall, none
of the modelling details (charge scheme for solutes, water model, docking procedure and implicit solvent) is
expected to have a significant impact on the free energy outcome in the trained end-point scheme.

Numerical performance of educated end-point regimes.

The PBSA_E and GBSA _E estimates with all combinations of modelling parameters (i.e., charge
schemes, water models, and scoring functions) are computed. The numerical results along with the
experimental values®® are summarized in Table S1-S4. We use the root-mean-squared error (RMSE), the
mean signed error (MSE), the Kendall © rank coefficient® and the Pearlman's predictive index (P1)*® to
evaluate the quality of computation. The RMSE and Kendall 1 for all combinations of modelling parameters
are compared in Fig. 2. The results of another regressed PBSA scheme named extended linear interaction
energy (ELIE)’® and the best estimate of standard end-point calculations obtained in our previous work>?
(AD4+RESP-1+SPC/E+MM/GBSA) are also provided for comparison.

For the error sizes presented in Fig. 2a, we can clearly see that the trained weights in PBSA_E improve
the reproduction of the absolute binding affinities significantly. The ~12 kcal/mol RMSE under the standard
end-point calculation is improved to ~2.4 kcal/mol. The error sizes of different modelling protocols (charge
scheme, water model and scoring function) are similar, which agrees with the above analysis of weighting
factors in Eq. (2). Interestingly, we also observe that the PBSA_E RMSE is similar to the ELIE result. As
PBSA_E uses pre-fitted weights rather than system-specific parameters in ELIE, the transferable PBSA E
scheme can be considered a more robust option in end-point free energy calculations for host-guest binding
and also protein-ligand interaction.

As for the ranking coefficient shown in Fig. 2b, it is still observed that the trained end-point schemes
outperform the standard procedure significantly. For the pre-fitted PBSA_E and GBSA_E schemes, the
charge scheme for solutes, the water model, and the scoring function used in docking all have some
influences on the free energy outcome. Although it is difficult to conclude which parameter combination
performs best, considering the consistent error sizes in Fig. 2a, we believe that each of the parameter
combinations is usable. The value of t obtained with ELIE is larger than any pre-fitted scheme, which is
expected due to the system-specific training procedure of the ELIE regime. However, it should be noted that
the improvement is only observed for ranking coefficients and the magnitude of improvement is limited. It is
reasonable to believe that if we further add WP6-related experimental data to the PBSA_E training set, the
calculation accuracy would also be improved to the ELIE level.

9/ 4



A detailed view of trained end-point estimates.

The above comparison of error metrics and ranking coefficients only provides insights about the overall
performance of the whole dataset, but the behaviors of detailed free energy estimates remain unknown.
Thus, the PBSA_E estimates obtained with different modelling parameters are compared in Fig. 3a to
provide a detailed view of the modelling-parameter dependence. We only present the results obtained with
the AD4 scoring function for clarity. It is clearly shown that in most cases, the charge scheme for solutes and
the water model do not have significant impacts on the PBSA_E estimates. However, we can still identify
several cases with ~1 kcal/mol variation when the modelling parameters are varied. The Vina-produced
results are similar and thus would not be discussed again. Similar observations could also be obtained for the
GBSA_E case in Fig. 3b. Overall, the impact of variations of modelling parameters is limited (negligible in
most cases). Considering the above modelling-parameter-independent behavior of the PBSA E outcome, it
can be concluded that as long as a reasonable combination of modelling parameters is employed, the
PBSA E/GBSA_E method would produce free energy estimates of good quality. As GB calculations are
faster than PB, the GBSA E scheme serves as a faster yet accurate alternative to the original PBSA_E.

The quality metrics of the pre-fitted PBSA E and GBSA_E schemes are similar to those of the ELIE
scheme trained with system-specific data. An interesting question to ask is whether these methods are
actually producing similar free energy predictions. To answer this question, we compare the free energy
estimates with the three trained end-point schemes in Fig. 3c. Due to the modelling-parameter-independent
behavior of pre-fitted PBSA_E and GBSA_E schemes, for these two pre-fitted schemes we only present the
results obtained with the AD4+AMI1-BCC+TIP3P combination of modelling parameters. It can be seen that
the PBSA_E and GBSA_E estimates are very similar, which agrees with the implicit-solvent-independent
behavior from analysis of weighting factors in Eq. (2). By contrast, the ELIE results obviously differ from
those with the two pre-fitted regimes, which suggests the dissimilarities of the pre-fitted PBSA E and
GBSA_E regimes and the system-specific ELIE and provides an explanation of the better ranking
reproduction of the ELIE scheme in Fig. 2b.

Overall, tuning the weighting factors in end-point calculation of host-guest binding could lead to
improved performance. The transferable PBSA_E scheme does not have significant dependence of the
modelling parameters, and the extended GBSA_E regime performs similarly to PBSA E. As GB
calculations are relatively faster than PB solvation, this GBSA E scheme serves as a more efficient option
than PBSA_E. Training the end-point calculation with system-specific experimental data could be helpful,
but this introduces an extra fitting step and is inapplicable to newly encountered systems without existing
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results. As the transferable PBSA E and GBSA _E could produce free energy estimates with small errors, we

recommend them as practically applicable tools in end-point screening of host-guest complexes.

3.2. Varying the interior dielectric constant.
The interior dielectric constant &;, as an additional tunable parameter in the end-point equation is often

altered to improve the accuracy of end-point free energy calculations. It is often recommended to enlarge
this effective internal dielectric constant from the standard unity to something like 2 or 4 in a uniform or
residue-type-specific manner, especially for polar and charged regions.”” In this section, we investigate
whether this scheme would improve the calculation accuracy in WP6 host-guest binding and provides some
insights into its connections with the trained PBSA_E regime.

The dielectric-constant-variable form of the end-point equation can be expressed as

AG TAS Q).

solv,non-polar gas

= AEelec (gin )+ AEvdW + AC;solv,polar (gin ) + AG

binding
It can be clearly seen that the dielectric constant of the interior involves in the calculation of the gas-phase
electrostatic contribution and the polar part of the (de)solvation effect, which is similar to the alteration of
weighting factors in PBSA_E, i.e., Eq. (2). The gas-phase electrostatics exhibit a reciprocal dependence on
the dielectric constant (c.f., Coulomb equation), while the polar solvation term shows a more complex non-
linear behavior (see references®>"- 1% for details). Thus, the dielectric-constant-variable scheme is somehow
different from the PBSA_E regression. However, it can be safely to conclude the trend that each component
of the polar contributions (i.e., either gas-phase or solvation) would become weakened upon increased
dielectric constant, although the net change could be non-monotonic. As the standard weight of the
electrostatic contribution is 1 and the refitted weights in PBSA_E is ~0.03 (approximately 1/33), in our
numerical experiment of dielectric constants we scan values between 1 and 40 to cover this region. We
specifically test dielectric constants including 2, 4, 6, 8, 10, 20, 30, and 40. It should be noted that in the
PBSA_E equation, the weights of the other terms (e.g., vdW) are also varied, which also has impacts on the
end-point estimates. Therefore, the dielectric-constant-variable scheme is expected to behave somehow
differently compared with the educated end-point regime.

We first discuss about the results obtained with GB solvation in the dielectric-constant-variable
calculations. As the best parameter combination observed in our previous work is AD4+RESP-
1+SPC/E(+MM/GBSA),>? in the current dielectric-constant-variable test, we first include this parameter

combination in the benchmark calculation. Numerical experiments are also performed for another water
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model (producing the AD4+RESP-1+TIP3P set), another charge set (AD4+RESP-2+SPC/E and AD+RESP-
2+TIP3P) and another scoring function (Vina+RESP-1+SPC/E). The detailed free energy estimates along
with quality metrics obtained with the above-mentioned interior dielectric constants are summarized in Table
S5-S9. We first check the dielectric-constant dependence of end-point estimates under the AD4+RESP-
1+SPC/E and AD4+RESP-2+TIP3P parameter combinations in Fig. 4a-b, in order to understand what the
variation of interior dielectric constant does to each system. With the increase of the dielectric constant, the
individual free energy estimate first experiences some monotonic (increasing or decreasing) behavior. Most
of the changes happen when &, is smaller than 10 (or 6 for some cases), and when &i, reaches a large value
the free energy estimate seems ‘converged’ on this degree of freedom, which is in accordance with the
expectation from analysis of Eq. (3). This dependence is generally valid for all parameter combinations, as
shown in the numerical data in Table S5-S9. From this dependence, we can expect the quality metrics to
vary significantly for small i, and become relatively unchanged/stable for large in. The dielectric-constant-
variable results under PB solvation for the selected five modelling parameter combinations are summarized
in Table S10-S14. The dielectric-constant dependence under AD4+RESP-1+SPC/E and AD4+RESP-
2+TIP3P parameter combinations are presented in Fig. 4c-d, where a behavior similar to the GB case could
be observed and thus would not be discussed further.

We then check the numerical results of the quality metrics in Fig. 5. Under the GB solvation, in Fig. 5a,
with the increase of the interior dielectric constant, the error size increases monotonically for all parameter
combinations, although for AD4+RESP-2+TIP3P some fluctuation is observed at €i,=2. If the aim is to
reproduce the absolute values of binding affinities, then varying the interior dielectric constant would not be
a good choice. The monotonic increase of the error size somehow differs from existing experiences
accumulated in many protein-ligand and protein-protein complexes, where monotonic decreasing behaviors
or some complicated dependences are observed.>: 3 %8193 Sych differences could be attribute to the
differences between the interior microenvironments in protein-ligand and host-guest systems. The former is
more heterogeneous and hydrophobic, while the latter is simpler, more solvent-exposed and thus more
hydrophilic. This phenomenon suggests that the accumulated experiences in protein-ligand situations
including applicable alterations could be inapplicable in host-guest complexes, and numerical experiments
are necessary to validate the usage of these solutions. As for the ranking information in Fig. 5b, it is clearly
shown that the increase of &in significantly improves the ranking calculation. Most of betterments happen
when gy 1s smaller than 6, and the larger-than-6 ranking coefficients are somehow similar and only
fluctuating behaviors could be observed. Considering the monotonically increasing behavior of RMSE,
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adjusting &i, to some values close to 6 could be a balanced choice that provides good ranking information
without further devastating the absolute values of binding affinities. The improved ranking coefficients
under the five parameter combinations are all about 0.32, which is similar to the PBSA E/GBSA _E results.
The dielectric-constant dependence of RMSE and the ranking coefficient T under PB solvation is presented
in Fig. 5c-d. The behaviors are still similar to the GB case. Thus, the dielectric constant as another adjustable
parameter in the end-point equation is indeed helpful to improve the performance of end-point methods.
However, it should be noted that the trained end-point schemes also ensure better reproduction of the
absolute values of binding affinities, which makes them a more robust choice than the dielectric-constant-

variable scheme.

4. Concluding Remarks.

Host-guest systems, due to their small size and relatively simple structural feature, are considered
prototypical cases for protein-ligand and protein-protein complexes. The hosts are often cylindrical
macrocycles with symmetrical rims and the guests are drug-like molecules. In drug screening within
biomacromolecular systems, end-point free energy techniques are widely used as a practical tool with
balanced accuracy and efficiency. However, their performance in host-guest binding is often not well
understood. In our previous work, a comprehensive evaluation of standard end-point calculations in WP6
host-guest binding is presented. Specifically, the protocol for model construction and configuration
generation is obtained by combining three modelling details, including the docking procedure (two scoring
functions), the solute charge set (three charge sets), and the solvent model (two water models). The resulting
12 combinations cover popular selections in modern end-point free energy calculations. The configurations
sampled with the 12 modelling protocols are analyzed with two popular end-point free energy techniques,
i.e., MM/PBSA and MM/GBSA. Astonishingly, the free energy estimates from all modelling and free energy
estimation protocols show significant deviations from the experimental reference, with RMSE ~12 kcal/mol
and t ~0.08. Error sizes of this level suggest the inapplicability of standard end-point calculations in host-
guest systems.

The failure of the standard end-point calculation procedure calls for alterations and developments. In this
work, we consider two altered schemes including the trained weights of free energy terms in end-point free
energy estimation (i.e., PBSA E and its GBSA_E extension) and the dielectric-constant-variable scheme.
By investigating the detailed weighting factors in the PBSA E and GBSA_E calculations, we notice that the
trained end-point schemes are severely weakening the polar contribution and marginally strengthening
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different components in the non-polar part. This treatment shares some similarities with the dielectric-
constant-variable regime, where a larger-than-unity interior dielectric constant is selected to weaken the
polar contributions to the end-point free energy estimate. However, the differences of the remaining parts in
the educated end-point and the dielectric-constant-variable schemes lead to significant differences in their
accuracies.

Extensive numerical experiments are performed to obtain free energy estimates with the two altered
schemes. Significant improvements are observed for the trained end-point schemes (PBSA_E and
GBSA _E). The RMSE reaches ~2.4 kcal/mol and the ranking coefficient t is ~0.35. Such prediction quality
is comparable to the ELIE regime trained with system-specific data (i.e., published WP6 host-guest binding
affinities) and is similar to that in the protein-ligand situations. As the weighting factors of free energy terms
in our trained end-point regimes are transferable, the calculation is only performed on optimized bound
structure and the costly normal mode calculation is replaced by the number of rotatable bonds of the guest,
the PBSA E and GBSA_E models serve as an extremely efficient and practically usable tool in virtual
screening of host-guest complexes. As for the dielectric-constant-variable scheme, the reproduction of
experimental values of absolute binding affinities is degraded upon the increase of the interior dielectric
constant i, but the calculation of the rank of binding affinities is improved when &y is increased from the
standard unity to ~6. For values larger than 6, the ranking coefficients are not improved and stay in the
neighborhood of 0.32, which is comparable to the trained schemes (i.e., PBSA_E and GBSA E). The
monotonic increase of error size (RMSE) is somehow different from biomacromolecular cases (e.g., protein-
protein and protein-ligand), which could be attribute to the differences between the interior
microenvironments in protein-ligand and host-guest complexes. The differences between the ‘prototypical’
host-guest binding and the complex protein-ligand situations indicate that end-point investigations of host-
guest binding cannot fully follow the accumulated experiences in protein-ligand binding. Usable tools
extensively tested in protein-ligand cases still require comprehensive numerical validations to consolidate
their usage in host-guest binding.

Overall, both the PBSA_E regression and the dielectric-constant-variable scheme are helpful alterations
of the standard end-point procedure. For accuracy, PBSA_E and its GBSA_E extension simultaneously
ensure the reproduction of absolute binding affinities and a better ranking calculation, while the variation of
the interior dielectric constant improves the ranking calculation but degrades the reproduction of absolute
binding affinities. For efficiency, the trained end-point schemes using optimized bound structure and
avoiding the costly normal mode calculation are much more efficient than the dielectric-constant-variable
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regime. Therefore, we consider the trained end-point schemes as a more powerful tool. Aside from the two
alterations of end-point calculations considered in this work, it should be noted that there are still other
potentially workable techniques that could improve the prediction quality, e.g., enhanced sampling, entropy
estimation and using other docking procedures instead of the current top-1 structure from Autodock. In the
following works of our WP6 host-guest series, comprehensive benchmarks on these remaining solutions

would be presented.
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Fig. 2. Quality metrics for PBSA_E and GBSA _E calculations with different modelling parameters: a)
RMSE and b) Kendall’s ranking coefficient. The results obtained with a similar method named ELIE trained
with system-specific data (i.e., published results of WP6 host-guest binding) and the best-performing
combination of modelling parameters (AD4+RESP-1+SPC/E+MM/GBSA) are also shown for comparison.
In the reproduction of absolute binding affinities, PBSA_E and GBSA E calculations with all modelling
parameters are comparable to the ELIE technique and are much better than standard end-point calculations.
As for the calculation of the experimental rank of binding affinities, PBSA E and GBSA_E are also
obviously better than the standard procedure but are a bit worse than ELIE. The reason for the ELIE-better-
than-PBSA_E phenomenon is rather simple. ELIE is trained with existing WP6 host-guest data published
previously and thus is system-specific, while the weighting factors in our PBSA_E and GBSA_E models are

trained with a huge set of protein-ligand complexes and thus are transferable.
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Fig. 3. Correlation between weights-altered end-point estimates and the experimental reference: a) PBSA E
and b) GBSA_E. Here, we only present the results obtained with the AD4 scoring function for clarity. The
free energy estimates obtained with different charge schemes and water models are extremely similar, which
is in agreement with our detailed analysis of the weighting factors of PBSA E and GBSA_E equations. ¢)
Comparison between our transferable estimates (PBSA_E and GBSA_E), the system-specific ELIE results
and the experimental values. We can see that the PBSA_E estimates agree well with the GBSA E results,
which is expected according to the small weighting factor in the equation. The ELIE estimates differ
significantly from those from the other two methods, which suggests that the noticeable differences between

the weighting factors in ELIE and those in PBSA E and GBSA_E. Thus, although the quality metrics of
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these trained PBSA/GBSA methods are similar, they do follow different spirits and are expected to produce

free energy outcomes with statistically significant differences.
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Fig. 4. Dependence of the a-b) MM/GBSA and c-d) MM/PBSA estimates on the dielectric constant for the
modelling sets of AD4+RESP-1+SPC/E and AD4+RESP-2+SPC/E. The end-point estimates show
significant changes in the small-€i, region, while for &ix larger than 10 the free energy estimates seem

converged and do not vary further.
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Fig. 5. Quality metrics for dielectric-constant calculations with different modelling parameters: a) RMSE

BOB€ model, and

and b) Kendall’s ranking coefficient when the polar solvation term is estimated with the G
c) RMSE and d) Kendall’s ranking coefficient under PB solvation. With the either solvation model, the
results from the standard end-point calculation are those with the interior dielectric constant of 1. The error

and ranking metrics exhibit a ein-dependent behavior similar to the individual free energy estimates shown

previously. The increase of the interior dielectric constant worsens the calculation of absolute binding

affinities (i.e., increased RMSE), but the ranking coefficients are improved to 0.3~0.4 (comparable to

PBSA _E). As long as &i, reaches ~6, the rank calculation achieves a good level of accuracy. Values (&in)

smaller than 6 lead to poorer rank prediction, while values larger than 6 produce predictions of similar

quality and thus are not really helpful. The results with PB solvation behave similarly to the GB case.
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Table S1. PBSA_E estimates obtained with the three charge sets and two water models with the AD4-
produced docking poses. MSE, RMSE, 1, and PI serve as quality measurements. As PBSA_E uses only a

single energy-minimized structure in calculation, there is no statistical uncertainty for free energy estimates.

Host Guest Experiment AMI-BCC RESP-1 RESP-2

TIP3P SPC/E TIP3P SPC/E TIP3P SPC/E

Gl -6.53 -6.2 -6.1 -6.5 -6.4 -6.4 -6.2

G2 -10.59 -7.6 -7.6 -8.3 -7.9 -8.2 -8.1

G3 -8.03 -5.1 -5.0 -5.0 -5.0 -5.1 -4.7

G4 -6.50 -4.0 -4.1 -4.2 -4.2 -4.0 -4.0

G5 -5.46 -7.6 -7.9 -7.9 -8.4 -7.8 -1.7

G6 -8.08 -5.2 -5.3 -5.2 -5.2 -5.1 -5.2

WP6 G7 -7.07 -4.1 -4.5 -4.4 -4.5 -4.1 -4.5
G8 -6.04 -5.5 -5.6 -5.8 -5.8 -6.0 -6.1

G9 -6.32 -5.5 -5.3 -5.4 -5.3 -5.6 -5.2

G10 -9.96 -7.0 -6.8 -7.0 -6.6 -6.6 -6.8

Gl1 -6.26 -4.0 -4.0 -4.0 -3.9 -4.0 -4.0

G12 -11.02 -8.0 -8.0 -8.0 -7.8 -7.8 -7.8

G13 -8.58 -6.0 -6.3 -6.3 -6.5 -6.2 -6.5

RMSE 2.4 2.4 2.3 2.4 2.4 2.4
MSE -1.9 -1.8 -1.7 -1.8 -1.8 -1.8
T 0.3 0.4 0.4 0.3 0.3 0.4
Pl 0.4 0.4 0.4 0.3 0.4 0.4
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Table S2. GBSA_E estimates obtained with the three charge sets and two water models with the AD4-
produced docking poses. MSE, RMSE, 1, and PI serve as quality measurements. As GBSA E uses only a

single energy-minimized structure in calculation, there is no statistical uncertainty for free energy estimates.

Host Guest Experiment AMI-BCC RESP-1 RESP-2

TIP3P SPC/E TIP3P SPC/E TIP3P SPC/E

Gl -6.53 -6.3 -6.2 -6.5 -6.4 -6.5 -6.3

G2 -10.59 -1.7 -7.6 -8.2 -7.9 -8.3 -8.2

G3 -8.03 -5.1 -5.0 -5.1 -5.0 -5.2 -4.8

G4 -6.50 -4.0 -4.1 -4.0 -4.1 -4.1 -4.1

G5 -5.46 -7.6 -7.9 -8.0 -8.5 -7.9 -7.8

G6 -8.08 -5.2 -5.3 -5.2 -5.2 -5.2 -5.2

WP6 G7 -7.07 -4.2 -4.6 -4.5 -4.6 -4.0 -4.6
G8 -6.04 -5.4 -5.5 -5.9 -5.9 -6.1 -6.2

G9 -6.32 -5.5 -5.3 -5.5 -5.4 -5.7 -5.3

G10 -9.96 -7.1 -6.7 -7.0 -6.6 -6.6 -6.9

G111 -6.26 -4.1 -4.1 -4.1 -4.0 -4.1 -4.0

G12 -11.02 -8.0 -8.0 -8.0 -7.8 -7.9 -7.9

G13 -8.58 -6.2 -6.5 -6.4 -6.7 -6.4 -6.7

RMSE 2.4 2.4 2.3 2.4 2.4 2.3
MSE -1.8 -1.8 -1.7 -1.7 -1.7 -1.7
T 0.4 0.4 0.3 0.3 0.2 0.4
Pl 0.5 0.4 0.4 0.3 0.4 0.4
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Table S3. PBSA_E estimates obtained with the three charge sets and two water models with the Vina-
produced docking poses. MSE, RMSE, 1, and PI serve as quality measurements. As PBSA_E uses only a

single energy-minimized structure in calculation, there is no statistical uncertainty for free energy estimates.

Host Guest Experiment AMI-BCC RESP-1 RESP-2

TIP3P SPC/E TIP3P SPC/E TIP3P SPC/E

Gl -6.53 -6.1 -6.6 -6.4 -6.4 -6.4 -5.9

G2 -10.59 -7.8 -1.7 -7.8 -7.6 -1.7 -7.8

G3 -8.03 -4.9 -4.9 -5.0 -5.0 -4.8 -4.9

G4 -6.50 -4.5 -4.3 -4.5 -4.4 -4.3 -4.3

G5 -5.46 -8.2 -8.0 -8.1 -8.0 -7.9 -7.9

G6 -8.08 -5.1 -5.4 -5.4 -5.3 -5.3 -5.4

WP6 G7 -7.07 -4.4 -4.5 -4.3 -4.3 -4.6 -4.5
G8 -6.04 -5.6 -5.2 -5.7 -5.4 5.1 5.4

G9 -6.32 -5.5 -5.5 -5.6 -5.6 -5.5 -5.4

G10 -9.96 -6.7 -6.7 -6.8 -6.6 -6.7 -6.5

G1l1 -6.26 -4.0 -4.2 -4.3 -4.1 -4.2 -4.1

G12 -11.02 -8.0 -7.9 -7.8 -7.9 -7.9 -7.8

G13 -8.58 -6.3 -6.3 -6.2 -5.9 -6.4 -5.3

RMSE 2.4 2.4 2.4 2.5 2.4 2.5
MSE -1.8 -1.8 -1.7 -1.8 -1.8 -1.9
T 0.3 0.4 0.3 0.3 0.4 0.2
Pl 0.4 0.4 0.3 0.4 0.4 0.4
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Table S4. GBSA_E estimates obtained with the three charge sets and two water models with the Vina-
produced docking poses. MSE, RMSE, 1, and PI serve as quality measurements. As GBSA E uses only a

single energy-minimized structure in calculation, there is no statistical uncertainty for free energy estimates.

Host Guest Experiment AMI-BCC RESP-1 RESP-2

TIP3P SPC/E TIP3P SPC/E TIP3P SPC/E

Gl -6.53 -6.2 -6.7 -6.5 -6.4 -6.5 -6.0

G2 -10.59 -1.7 -1.7 -7.8 -7.6 -7.8 -7.9

G3 -8.03 -4.9 -4.9 -5.1 -5.0 -4.9 -4.9

G4 -6.50 -4.5 -4.3 -4.4 -4.4 -4.3 -4.3

G5 -5.46 -8.1 -8.0 -8.2 -8.1 -8.0 -8.1

G6 -8.08 -5.2 -5.4 -5.4 5.4 -5.3 -5.5

WP6 G7 -7.07 -4.5 -4.6 -4.4 -4.4 -4.7 -4.6
G8 -6.04 -5.3 -4.9 -5.5 -5.3 -5.2 -5.4

G9 -6.32 -5.5 -5.5 -5.7 -5.8 -5.7 -5.6

G10 -9.96 -6.7 -6.7 -7.0 -6.6 -6.9 -6.7

Gl1 -6.26 -4.1 -4.3 -4.3 -4.2 -4.3 -4.2

G12 -11.02 -7.9 -7.9 -7.8 -7.9 -8.0 -7.8

G13 -8.58 -6.3 -6.4 -6.3 -6.1 -6.5 -5.4

RMSE 2.4 2.4 2.3 2.4 2.3 2.5
MSE -1.8 -1.8 -1.7 -1.8 -1.7 -1.8
T 0.4 0.3 0.3 0.4 0.4 0.3
Pl 0.4 0.4 0.4 0.3 0.4 0.4
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Table S5. Dielectric-constant-variable MM/GBSA estimates obtained with the RESP-1 charge set, the

SPC/E solvation and 100 ns unbiased sampling initiated from AD4-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment 1 5 4 5 3 10 20 30 20
Gl -6.53 -175 -20.1 -214 -21.8 -220 -222 -224 -225 -22.6

G2 -10.59 -193 -269 -306 -319 -325 -329 -336 -339 -34.0

G3 -8.03 -260 -210 -191 -184 -181 -179 -175 -17.3 -17.3

G4 -6.50 -94 -1120 -118 -121 -123 -123 -125 -126 -12.6

G5 -5.46 244 -312 -346 -358 -36.3 -36.7 -37.3 -376 -37.7

G6 -8.08 -21.4 -20.7 -20.3 -20.2 -20.2 -20.1 -20.1 -20.0 -20.0

WP6 G7 -7.07 -135 -146 -151 -153 -154 -155 -156 -156 -15.6
G8 -6.04 -2.3 -119 -166 -182 -19.0 -195 -204 -20.7 -20.9

G9 -6.32 -335 -26.2 -226 -214 -208 -205 -19.7 -195 -194

G10 -9.96 -13.7 -219 -260 -27.3 -280 -284 -29.2 -295 -29.6

G11 -6.26 -134 -136 -13.7 -13.7 -13.7 -137 -138 -138 -138

G12 -11.02 -171  -255 -29.7v -31.1 -318 -322 -331 -333 -335

G13 -8.58 -11.7 -186 -220 -23.1 -23.7 -240 -247 -250 -25.1

RMSE 12.2 13.7 15.3 15.9 16.3 16.5 16.9 17.0 17.1
MSE 94 12.5 14.1 14.6 14.9 15.0 15.3 15.5 155
T 0.1 0.3 0.3 0.4 0.4 0.4 0.3 0.3 0.3
Pl 0.0 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3
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Table S6. Dielectric-constant-variable MM/GBSA estimates obtained with the RESP-1 charge set, the
TIP3P solvation and 100 ns unbiased sampling initiated from AD4-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment

1 2 4 6 8 10 20 30 40

Gl -6.53 -188 -199 -205 -20.7 -208 -209 -21.0 -21.0 -21.0

G2 -10.59 -189 -265 -303 -316 -322 -326 -333 -336 -33.7

G3 -8.03 -243 -204 -185 -179 -1v5 -173 -169 -16.8 -16.7

G4 -6.50 -11.7  -123 -126 -127 -127 -128 -128 -128 -12.8

G5 -5.46 -241 -309 -344 -35 -361 -365 -37.1 -374 -375

G6 -8.08 -21.3 -204 -199 -197 -196 -196 -195 -195 -195

WP6 G7 -7.07 -209 -184 -171 -16.7 -165 -164 -161 -16.0 -16.0
G8 -6.04 -0.9 -11.4 -16.7 -184 -193 -198 -209 -212 -214

G9 -6.32 -404 -294 -240 -222 -213 -20.7 -196 -193 -19.1

G10 -9.96 -125 -206 -246 -260 -266 -27.0 -27.9 -281 -28.3

G11 -6.26 -144  -138 -135 -134 -133 -133 -132 -132 -13.2

G12 -11.02 -169 -255 -297 312 -319 -323 -332 -335 -336

G13 -8.58 -103 -17.0 -204 -215 -221 -224 -231 -233 -234

RMSE 13.9 14.0 15.2 15.7 15.9 16.1 16.5 16.6 16.7
MSE 10.4 12.8 14.0 14.4 14.6 14.7 14.9 15.0 15.1
T 0.0 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Pl -0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3
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Table S7. Dielectric-constant-variable MM/GBSA estimates obtained with the RESP-2 charge set, the
SPC/E solvation and 100 ns unbiased sampling initiated from AD4-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment

1 2 4 6 8 10 20 30 40

Gl -6.53 -19.0 -201 -206 -208 -209 -21.0 -211 -211 -21.2

G2 -10.59 -209 -280 -315 -327 -333 -336 -343 -346 -34.7

G3 -8.03 -278 -225 -199 -190 -186 -183 -178 -176 -175

G4 -6.50 -13.0 -129 -128 -128 -128 -128 -128 -128 -12.8

G5 -5.46 -258 -321 -33 -364 -369 -37.2 -379 -381 -38.2

G6 -8.08 -235 -218 -210 -20.7 -206 -205 -203 -20.3 -20.2

WP6 G7 -7.07 -220 -194 -181 -177 -1v5 -173 -171 -17.0 -17.0
G8 -6.04 -0.8 -11.8 -173 -191 -201 -206 -21.7 -221 -22.3

G9 -6.32 -348 -272 -235 -222 -216 -212 -205 -202 -20.1

G10 -9.96 -166 -239 -275 -287 -293 -29.7 -304 -306 -30.8

G11 -6.26 -189 -166 -154 -151 -149 -148 -145 -144 -144

G12 -11.02 -174  -259 -30.2 -316 -323 -328 -336 -339 -34.0

G13 -8.58 -136  -20.2 -234 -245 -250 -254 -260 -26.2 -26.3

RMSE 14.4 15.0 16.2 16.7 16.9 171 17.4 17.6 17.6
MSE 11.8 14.0 15.1 155 15.6 15.8 16.0 16.0 16.1
T 0.0 0.3 0.4 0.3 0.3 0.3 0.3 0.3 0.3
Pl 0.0 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.4

34/ 41



Table S8. Dielectric-constant-variable MM/GBSA estimates obtained with the RESP-2 charge set, the
TIP3P solvation and 100 ns unbiased sampling initiated from AD4-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment

1 2 4 6 8 10 20 30 40

Gl -6.53 -21.1  -209 -208 -208 -20.7 -20.7 -20.7 -20.7 -20.7

G2 -10.59 -20.r  -279 -315 -327 -333 -336 -343 -346 -34.7

G3 -8.03 -289 -229 -199 -189 -184 -181 -175 -17.3 -17.2

G4 -6.50 -136 -132 -130 -129 -128 -128 -128 -128 -12.8

G5 -5.46 -256 -320 -32 -363 -36.8 -37.1 -378 -380 -38.1

G6 -8.08 -269 -232 -214 -208 -205 -203 -199 -198 -19.7

WP6 G7 -7.07 -215 -191 -1v9 -1v5 -17v3 -17.2 -169 -16.8 -16.8

G8 -6.04 -2.8 -11.8 -163 -178 -185 -189 -198 -201 -20.3

G9 -6.32 -36.6 -279 -236 -221 -214 -210 -201 -198 -19.7

G10 -9.96 -149 -221 -257 -269 -275 -278 -286 -28.8 -28.9

G11 -6.26 -237 -191 -168 -160 -156 -154 -149 -148 -147

G12 -11.02 -17.7 -26.1 -304 -318 -325 -329 -338 -340 -34.2

G13 -8.58 -10.1  -164 -196 -206 -21.2 -215 -221 -223 -224

RMSE 15.4 151 15.8 16.2 16.4 16.5 16.8 16.9 17.0
MSE 12.6 14.0 14.7 15.0 15.1 151 15.3 15.3 154
T -0.1 0.2 0.3 0.3 0.3 0.3 0.4 0.3 0.3
Pl -0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3
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Table S9. Dielectric-constant-variable MM/GBSA estimates obtained with the RESP-1 charge set, the
SPC/E solvation and 100 ns unbiased sampling initiated from Vina-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment

1 2 4 6 8 10 20 30 40

Gl -6.53 -144  -184 -204 -211 -214 -216 -220 -221 -222

G2 -10.59 -190 -265 -303 -316 -322 -326 -333 -336 -33.7

G3 -8.03 -255 -21.0 -187 -180 -176 -174 -169 -16.8 -16.7

G4 -6.50 -9.0 -108 -116 -119 -120 -121 -123 -124 -124

G5 -5.46 -245 -31.3 -347 -358 -364 -36.7 -374 -376 -37.7

G6 -8.08 -185 -190 -193 -194 -194 -195 -195 -195 -195

WP6 G7 -7.07 -126 -146 -157 -160 -162 -163 -165 -166 -16.6
G8 -6.04 -3.0 -126 -174 -190 -198 -203 -21.2 -215 @ -21.7

G9 -6.32 -400 -293 -239 -221 -212 -20.7 -196 -193 -19.1

G10 -9.96 -129 -21.0 -250 -263 -270 -274 -282 -285 -28.6

G11 -6.26 -150 -143 -140 -139 -138 -138 -138 -13.7 -13.7

G12 -11.02 -16.8 -254 -20.7 -31.2 -319 -323 -332 -335 -336

G13 -8.58 -11.1 -179  -213 -224 -230 -233 -240 -242 -243

RMSE 13.1 13.8 15.2 15.8 16.1 16.3 16.7 16.9 16.9
MSE 9.4 12.4 14.0 145 14.7 14.9 15.2 15.3 15.3
T 0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Pl -0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3
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Table S10. Dielectric-constant-variable MM/PBSA estimates obtained with the RESP-1 charge set, the
SPC/E solvation and 100 ns unbiased sampling initiated from AD4-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment

1 2 4 6 8 10 20 30 40

Gl -6.53 -204 -230 -239 -239 -239 -238 -233 -231 -229

G2 -10.59 -183 -273 -315 -327 -333 -336 -341 -341 -342

G3 -8.03 -30.3 -268 -228 -215 -206 -20.1 -187 -181 -17.8

G4 -6.50 -15.7 -16.0 -155 -150 -147 -144 -136 -133 -13.0

G5 -5.46 -238 -31.2 -348 -360 -365 -368 -374 -376 -37.7

G6 -8.08 -253 -244 -234 -2277 -223 -220 -21.1 -20.7 -204

WP6 G7 -7.07 -147 -166 -171 -171 -169 -168 -163 -16.1 -159

G8 -6.04 -4.7 -135 -178 -191 -198 -201 -208 -21.0 -21.1

G9 -6.32 -274  -251 -233 -224 -219 -214 -204 -199 -196

G10 -9.96 -12.7  -222 -26.7 -281 -287 -29.0 -296 -29.7 -29.7

G11 -6.26 -146 -158 -159 -156 -154 -152 -146 -143 -141

G12 -11.02 -188 -272 -31.2 -324 -329 -331 -336 -336 -33.7

G13 -8.58 -54  -16.2 -214 -230 -23.7 -242 -249 -250 -25.1

RMSE 12.8 151 16.7 171 17.3 17.3 17.4 17.3 17.3
MSE 10.1 141 15.8 16.1 16.2 16.2 16.0 15.9 15.8
T 0.0 0.3 0.3 0.4 0.4 0.4 0.4 0.3 0.3
Pl 0.0 0.2 0.4 0.4 0.4 0.4 0.4 0.4 0.4
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Table S11. Dielectric-constant-variable MM/PBSA estimates obtained with the RESP-1 charge set, the
TIP3P solvation and 100 ns unbiased sampling initiated from AD4-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment

1 2 4 6 8 10 20 30 40

Gl -6.53 -226 -228 -226 224 -222 -220 -216 -214 -213

G2 -10.59 -181  -2/0 -31.2 -325 -330 -333 -337 -338 -33.9

G3 -8.03 -29.1  -249 -221 -208 -200 -195 -181 -175 -17.2

G4 -6.50 -196 -182 -169 -161 -156 -152 -141 -136 -134

G5 -5.46 -238 -31.1 -347 -358 -363 -366 -37.2 -374 -375

G6 -8.08 -246 -238 -228 -221 -21.7 -214 -205 -20.1 -19.8

WP6 G7 -7.07 244 -223 -205 -195 -189 -184 -173 -16.7 -16.5
G8 -6.04 -2.1 -125  -176 -19.2 -200 -204 -212 -214 -215

G9 -6.32 -33.7 -283 -249 -234 -225 -219 -204 -19.7 -194

G10 -9.96 -11.1  -208 -254 -268 -274 -27.7 -282 -283 -284

G11 -6.26 -170 -168 -161 -156 -152 -150 -142 -138 -13.6

G12 -11.02 -189 -274 -314 -325 -331 -333 -33.7 -338 -33.8

G13 -8.58 -4.5 -150 -200 -215 -222 -226 -23.2 -234 -23.5

RMSE 14.7 15.6 16.6 16.9 17.0 17.0 17.0 16.9 16.9
MSE 115 14.7 15.8 16.0 16.0 15.9 15.6 154 15.3
T 0.0 0.2 0.3 0.3 0.4 0.4 0.3 0.3 0.3
Pl -0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3
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Table S12. Dielectric-constant-variable MM/PBSA estimates obtained with the RESP-2 charge set, the
SPC/E solvation and 100 ns unbiased sampling initiated from AD4-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment

1 2 4 6 8 10 20 30 40

Gl -6.53 -19.1  -213 -221 -222 -221 -221 -217 -216 -214

G2 -10.59 -194  -282 -324 -336 -341 -344 -348 -349 -349

G3 -8.03 -314 -26.7 -236 -222 -213 -206 -191 -184 -181

G4 -6.50 -169 -175 -169 -16.2 -157 -154 -142 -13.7 -134

G5 -5.46 -239 -316 -354 -365 -3r1 -374 -379 -381 -38.2

G6 -8.08 -248 -246 -238 -232 -228 -224 -214 -21.0 -20.7

WP6 G7 -7.07 -225 -221 -21.1 -204 -198 -194 -183 -17.7 -174
G8 -6.04 -0.1 -121 -179 -198 -206 -21.1 -22.0 -223 -224

G9 -6.32 -29.2  -265 -245 -235 229 -224 -212 -207 -204

G10 -9.96 -152 -241 -283 -295 -301 -304 -308 -309 -30.9

G11 -6.26 -21.7 -202 -187 -178 -173 -16.8 -157 -152 -149

G12 -11.02 -195 -280 -320 -332 -337 -339 -343 -343 -343

G13 -8.58 -1.2 -180 -232 -247 -254 -25.7 -26.3 -264 -26.5

RMSE 14.3 16.2 17.6 18.0 18.1 18.1 18.0 17.9 17.8
MSE 11.6 154 16.9 171 17.1 17.0 16.7 16.5 16.4
T 0.0 0.3 0.4 0.4 0.4 0.4 0.3 0.3 0.3
Pl 0.0 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4
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Table S13. Dielectric-constant-variable MM/PBSA estimates obtained with the RESP-2 charge set, the
TIP3P solvation and 100 ns unbiased sampling initiated from AD4-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment

1 2 4 6 8 10 20 30 40

Gl -6.53 -205  -222 -226 -225 -223 -221 -216 -213 211

G2 -10.59 -19.1  -281 -324 -336 -342 -344 -348 -349 -349

G3 -8.03 -32.1  -27.2 -238 -222 -212 -206 -189 -182 -17.8

G4 -6.50 -206 -189 -173 -164 -158 -154 -142 -136 -133

G5 -5.46 -239 -316 -33 -364 -3r0 -373 -378 -380 -38.1

G6 -8.08 -30.5  -27.2 -249 -237 -230 -225 -21.1 -206 -20.2

WP6 G7 -7.07 -226 -219 -208 -201 -195 -191 -181 -176 -17.3
G8 -6.04 -3.0 -125  -171  -185 -19.2 -196 -202 -204 -20.5

G9 -6.32 -31.0 -272 -247 -235 -228 -222 -209 -203 -20.0

G10 -9.96 -129 -221 -264 -277 -282 -285 -29.0 -29.0 -29.1

G11 -6.26 -285  -241 -210 -195 -186 -180 -164 -157 -153

G12 -11.02 -196 -281 -320 -332 -33.7 -340 -343 -344 -344

G13 -8.58 -4.6 -146 -194 -209 -215 -21.8 -224 -225 -22.5

RMSE 16.0 16.7 17.5 17.6 17.6 17.6 17.4 17.3 17.2
MSE 13.0 15.8 16.7 16.8 16.7 16.5 16.1 15.9 15.7
T -0.2 0.1 0.3 0.4 0.4 0.3 0.4 0.4 0.3
Pl -0.1 0.1 0.3 0.3 0.4 0.4 0.4 0.4 0.3
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Table S14. Dielectric-constant-variable MM/PBSA estimates obtained with the RESP-1 charge set, the

SPC/E solvation and 100 ns unbiased sampling initiated from Vina-produced docking poses. MSE, RMSE,

1, and PI serve as quality measurements.

Interior Dielectric Constant

Host Guest Experiment 1 5 4 5 3 10 20 30 20
Gl -6.53 -16.5 -201 -21.7 -222 -223 224 224 -224 -224
G2 -10.59 -18.1  -270 -31.2 -324 -330 -33.3 -337 -338 -339
G3 -8.03 -30.7 -259 227 -21.2 -203 -19.7 -182 -176 -17.2
G4 -6.50 -153 -156 -152 -148 -145 -142 -134 -13.0 -12.8
G5 -5.46 -240 -31.3 -349 -360 -365 -36.8 -374 -376 -37.7
G6 -8.08 -21.2 -219 -218 -215 -21.3 -21.0 -204 -20.1 -19.9
WP6 G7 -7.07 -119 -158 -173 -175 -175 -175 -172 -17.0 -16.9
G8 -6.04 -6.1 -146  -187 -20.1 -20.7 -21.0 -21.7 -21.8 -219
G9 -6.32 -334 -281 -248 -234 225 -219 -204 -198 -194
G10 -9.96 -11.8 -21.2 -257 -271 -277 -280 -286 -28.7 -28.8
G1l1 -6.26 -176  -174 -16.8 -16.2 -158 -155 -147 -143 -141
G12 -11.02 -18.7 -273 -314 -326 -33.1 -334 -33.7 -338 -3338
G13 -8.58 -4.8 -155 -20.7 -223 -23.0 -234 -241 -243 -244
RMSE 13.1 14.9 16.5 16.9 17.1 17.1 17.2 17.1 17.1
MSE 10.0 13.9 15.6 15.9 16.0 16.0 15.8 15.7 15.6
T -0.1 0.2 0.3 0.4 0.4 0.4 0.3 0.3 0.3
Pl -0.1 0.1 0.3 0.3 0.3 0.3 0.3 0.3 0.3
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