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Abstract

We present a comprehensive study investigating the potential gain in accuracy
for calculating absolute solvation free energies (ASFE) using a neural network poten-

tial to describe the intramolecular energy of the solute. We calculated the ASFE for
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most compounds from the FreeSolv database using the Open Force Field (OpenFF)
and compared them to earlier results obtained with the CHARMM General Force
Field (CGenFF). By applying a nonequilibrium (NEQ) switching approach between
the molecular mechanics (MM) description (either OpenFF or CGenFF) and the neu-
ral net potential (NNP)/MM level of theory (using ANI-2x as the NNP potential),
we attempted to improve the accuracy of the calculated ASFEs. The predictive per-
formance of the results did not change when applying this approach to all 589 small
molecules in the FreeSolv database that ANI-2x can describe. When selecting a subset
of 156 molecules, focusing on compounds where the force fields performed poorly, we
saw a slight improvement in the root-mean-square error (RMSE) and mean absolute
error (MAE). The majority of our calculations utilized unidirectional NEQ protocols
based on Jarzynski’s equation. Additionally, we conducted bidirectional NEQ switch-
ing for the subset of 156 solutes. Notably, only a small fraction (10 out of 156) ex-
hibited statistically significant discrepancies between unidirectional and bidirectional

NEQ switching free energy estimates.

Introduction

The importance of solvation in biological processes cannot be overestimated. Among other
things, the correct description of the interaction of water with biological macromolecules
and small molecule substrates is crucial for understanding ligand binding and, therefore,
for computational techniques to predict binding affinities.’* The accuracy of the molecular-
mechanical force field used in free energy difference calculations is one of the limitations of
such methods. For this reason, several large-scale studies have focused on the computation
of solvation free energy differences.”® The comparison of the predictions with experimental
data helps to identify the strengths and weaknesses of the force field used.

Recently, we calculated solvation free energy differences for most of the compounds in

the FreeSolv database using the CHARMM General force field (CGenFF).? We have now
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completed analogous calculations with the Open force field (OpenFF), and these results are
presented in detail below. Overall, the agreement with the experimental data is acceptable
(for OpenFF 2.0 root mean squared error (RMSE): 1.33 kcal/mol, mean absolute error
(MAE): 1.01 kcal/mol; for CGenFF RMSE: 1.76 kcal/mol, MAE: 1.12 kcal/mol). However,
especially for CGenFF, there is a sizable number of molecules with significant discrepancies
between the computed and experimentally determined solvation free energies.

Neural network potentials (NNP) are a recent development that allows a more accurate
description of intra- and intermolecular interactions at an affordable cost. The use of NNPs
in free energy simulations may, therefore, improve the accuracy of such calculations. %12
However, although NNPs are fast compared to quantum chemical calculations, they are sig-
nificantly slower than classical mechanical force fields.!® Furthermore, it is unknown how
to apply certain "tricks” used in free energy simulations, such as soft-core potentials,'* 16
in combination with NNPs. One can avoid both complications by indirect pathways, fre-
quently used to compute free energy differences with quantum mechanics (QM)/molecular
mechanics (MM) hybrid potential energy functions.'”25 Indirect free energy calculations use
a computationally cheaper description of the potential energy (e.g., a MM force field) and
calculate the free energy contribution needed for changing to a more expensive description
of the potential energy (e.g., a QM/MM potential). The calculation of the free energy dif-
ferences between the different levels of theory was shown to be nontrivial.?22673% One way to
calculate them reliably is through nonequilibrium switching techniques (NEQ).313> NNPs
offer a tempting tradeoff between accuracy and speed compared to MM and QM methods,
which is why they can be applied as the high-level potential in such indirect cycles. An early
example of using NNPs to refine classical free energy simulations is a study by Rufa et al.'°
Recently, we investigated the convergence of the correction step required in indirect path-
ways, i.e., calculating the free energy difference between an MM and an NNP representation

of a system.? In both studies, the ANI-2x3"3® NNP was used. Simulations with ANI and

hybrid ANT/MM simulations can be carried out efficiently using TorchANI®® and NNPOPS.!?
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The computational framework of Ref. 36 is suitable for use in the gas phase and aqueous
solution. In this work, we explore whether MM—NNP and MM—NNP /MM corrections can
improve the agreement of computed solvation free energies with the experiment. There are
very efficient implementations of ANI in OpenMM; furthermore, mixing MM and ANTI is
straightforward. 3% Therefore, the MM—NNP /MM corrections can be integrated smoothly
into our automated workflows to compute the solvation free energies with CGenFF? and
OpenFF 2.0 (see below and the SI). Nevertheless, ANI/MM simulations are costly, so we
focus on the molecules that performed poorly with CGenFF, OpenFF 2.0, or both. From
the ASFE results obtained at the MM level of theory, we identified the 100 compounds for
each force field exhibiting the highest discrepancies compared to their experimental values
(selection was limited to molecules with elemental composition covered by the ANI-2x train-
ing set; i.e.: H, C, N, O, F, S, and Cl). Thus, we created a set comprising 156 compounds,
where 41 were among the worst-performing compounds for both force fields. The remaining
compounds exhibited poor performance for either CGenFF (56 compounds) or OpenFF (59
compounds).

Furthermore, one must consider the limitations of the ANI/MM hybrid potential function
currently implemented in OpenMM-ML. As pointed out in Ref. 13, the coupling between
MM and ANI is analogous to "mechanical embedding” in QM /MM simulations. In other
words, only the intramolecular interactions of the solute are described by the NNP, whereas
the solute-solvent interactions remain classical. Therefore, one cannot expect improvements
in all cases. Specifically, describing the solute by ANI may result in different preferred
conformations (compared to the force field), which in turn may lead to a different solvation
free energy. Thus, improvements, if any, can only be expected for larger and/or flexible
solutes. These cases are of interest, as they can help identify shortcomings of the force field.

The remainder of the manuscript is organized as follows: Firstly, we report ASFEs ob-
tained with the OpenFF force field. For the 589 compounds from the FreeSolv database that

ANI-2x can handle, we calculated endstate corrections from unidirectional nonequilibrium
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work (NEQ) simulations. Secondly, we also calculated endstate corrections for the dataset of
156 poor-performing compounds for the earlier CGenFF results.’ The endstate corrections
using CGenFF for the MM description were computed using not only unidirectional, but
also two-sided NEQ approaches, making it possible to gauge the reliability of the compu-
tationally cheaper one-sided method. Lastly, we briefly investigate the correlation between

the magnitude of the endstate corrections and the conformational flexibility of the solutes.
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Figure 1: Free energy calculations between high and low levels of theory can be
used to correct alchemical free energy calculations performed at a low level of
theory. Left: The thermodynamic cycle used to compute an ASFE AGY at the MM level
of theory using annihilation of the solute’s non-bonded interactions.! Right: The indirect
free energy cycle to correct AG:?Y (in this work using either the CGenFF or the OpenFF

low

force field) from the MM to the NNP/MM level of theory.
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Theory

Absolute free energy calculations

We calculated ASFEs using the alchemical pathway shown on the left side of Figure 1. Both
protocols used in this work (see the Methods section below) involve (at least partial) annihila-
tion of the solute’s non-bonded interactions, i.e., turning off both the non-bonded intramolec-
ular interaction of the solute and its intermolecular interactions with its surroundings (sol-
vent).?? The annihilation absolute free energy protocol requires a gas phase correction; the
absolute solvation free energy of interest AG33Y; is obtained as the difference between the an-

nihilation protocol in the gas phase AGY" and in solution AGT! (AGSy = AGT —AGT!). "

Endstate correction

Free energy estimates from NEQ work values (W) can be calculated using the Jarzynski
equation®® or the Crooks’ fluctuation theorem.** The Jarzynski equation recovers the free
energy estimate between a target and a reference distribution based on a NEQ work process
that starts at the reference and anneals to the target distribution. According to the Jarzynski
equation, the free energy difference between two states 0 and 1 (W) for NEQ work

distributions is obtained as follows:

AGS = —kgTn < exp <_ZZ07:>1>>0 (1)

In our specific use case, state 0 indicates the potential energy function at the low level of
theory, while 1 represents the same system at a higher level of theory. The subscript 0 in <>
indicates that the NEQ switching simulations to obtain the work values W,_,; are started
from equilibrium configurations sampled at the lower level of theory (state 0).

The Crooks’ fluctuation theorem recovers the equilibrium free energy estimate between

the initial and final state based on NEQ work processes that transform the reference to
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the target potential and vice versa. Thus, one has to additionally carry out sampling at
and NEQ switching simulations starting from the high level of theory, or, in other words,
compute work values in the 1 — 0 direction. The free energy between states 0 and 1 is then

given by:*

AGEL, = ksTIn (<§ 2)

(

where f(z) denotes the Fermi function f(r) = (1 + exp(;%))~" and

(AW 0+ C))1
(AWo1 — C)>0) e

Qo1

C =kgTn
P2 QN

(3)

Here, () represents the canonical partition function of the respective state (0 and 1), and N
is the number of work values in the forward and backward direction, respectively. Equation 2
is typically solved by searching iteratively for the value of C' for which the argument of the
logarithm becomes unity and, hence, the first term in Equation 2 vanishes. As one sees
from Equation 3, the value of C' found in this manner is essentially the sought free energy

difference.

Methods

Overview of calculations/workflow

We performed ASFE calculations for most of the compounds in the FreeSolv database, 4546

a
curated collection of experimental solvation free energies for 642 drug-like molecules. Com-
pounds containing elements not covered in the ANI-2x training were removed, leaving 589
molecules for which an MM—NNP/MM endstate correction can be carried out. ASFEs
were computed using two independent workflows, which we label as protocols EXS and UVIE.
Here, we focus on the commonalities; additional details of each of the two protocols can be

found in SI. The UVIE protocol used the CGenFF force field*"*® and transformato® to

calculate ASFEs at the MM level of theory. The results obtained with this approach have
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been previously described.” In the EXS protocol, ASFEs at the MM level of theory were
computed using openmmtools 0.23.0°! and the Open Force Field (OpenFF 2.0).52 While the
ASFEs at the MM level of theory were calculated with different methodologies/programs, the
MM—NNP /MM endstate corrections were carried out quite similarly in both approaches,
though specific adaptations were necessary.

Using the EXS protocol, endstate corrections were computed for all 589 molecules, i.e.,
the complete subset of the FreeSolv database, excluding any compounds that contained
elements not covered by the training set of ANI-2x. These corrections were calculated only
unidirectionally (Equation 1). MM—NNP/MM corrections using the UVIE workflow were
computed for the subset of the FreeSolv database (156 molecules), for which the force field
results were in poor agreement with the experimental data (cf. the Introduction). These
corrections were computed by uni- and bidirectional (Crooks’ theorem, Equation 2) NEQ

switching methods.

Endstate correction with NNP
Equilibrium simulations

MM level of theory For each compound, a Langevin dynamics simulation was per-
formed in the gas phase and in solution to generate equilibrium configurations from which
the NEQ switches were started. OpenMM 8.0%° was used with an integration time step of
1 fs. Molecules were solvated in TIP3P%® water, held rigid by the SETTLE algorithm,%*
and simulations were performed under constant pressure conditions using a Monte Carlo
barostat.?% The solutes themselves were fully flexible. The treatment of nonbonded in-
teractions was slightly different in protocols UVIE and EXS; see SI for details. Before each

simulation, the geometry of the solute was optimized using the L-BFGS minimizer.

NNP/MM level of theory The NNP/MM simulations were carried out completely anal-

ogous to what was just described for the MM case. The only difference is the treatment of
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the intramolecular energetics of the small molecule, which was calculated using the ANI-
2x potential instead of the respective MM force field.?® Specifically, the high-performance
ANI-2x potential re-implementation, NNPOPS (v.0.4), was used in this work.!3 To interpolate

between the ANI-2x and the force field, we used the OpenMM-ML package. '©

Nonequilibrium switching simulations

5 ps NEQ switching simulations were initialized by randomly selecting 300 conformations
(with replacement) from the equilibrium trajectories (either at the MM or NNP/MM end-
state). For the total number of conformations saved in protocols EXS and UVIE, respec-
tively, see Supporting Information. The NEQ protocol consisted of an alternating sequence
of propagation and perturbation steps, in which the potential was slowly perturbed while
propagating the coordinates. In each perturbation step, the coupling parameter A\ = t/7 was
used to scale the potential energy U = (1 — X\)Unim + AUnnp/mu as a function of the current
perturbation ¢ € [0, 7] and the total protocol length 7. Each propagation step consisted of
a 1 fs integration step to propagate the conformation = from z; to z;;;. The work value
along a particular trajectory up to time ¢+ 1 is calculated using Wy = U1 (z441) — Up(T441)-
Nonequilibrium switching simulations can be performed uni- and bidirectionally, i.e., em-
ploying either the Jarzynski or the Crooks equation. We used the exponential averaging
(EXP) estimator and the Bennett Acceptance Ratio (BAR) estimator (both as implemented
in pymbar®7) to obtain free energies from unidirectional and bidirectional NEQ switching sim-
ulations, respectively. Errors were estimated via a bootstrapping procedure: Out of the pool
of 300 work values, we randomly selected a subset (with replacement), for which AGyp_sn~p
was computed. This procedure was repeated 1000 times and the standard deviation obtained
in this manner was used as the error estimate.

NEQ switching simulations were performed both in aqueous solution and in the gas phase

to obtain AGyjy xnpan ad AGYinwp (see the right-hand-side of Figure 1). The free

energy difference (AGumvi—nnp/aiv) between levels of theory and thus the endstate correction
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value is obtained by AG{i_xnp /v = —AGimo v TAGY M e/ Thus, the corrected
ASFE can be calculated as AG?\%I\IVP/MM = AGHY + AGRIN NP /MM

In the EXS protocol, corrections were computed using only unidirectional NEQ switching
simulations, limiting the calculation of the free energy difference to the EXP estimator. By
contrast, using protocol UVIE, also bidirectional NEQ calculations were performed, allowing
the use of Crooks’ equation. Corrections obtained by Crooks’ equation are denoted as
AGﬁﬁgﬁg{; - Results are presented as the deviation of the computed result from the
experimental reference value, i.e.,

SAG heory = AGTP — AGELe (4)

theory *

The superscripts exp and calc denote the experimental and calculated solvation free
energy, respectively. The subscript theory stands for either OpenFF or CGenFF at the
MM level, or the ANI-2x corrected result, indicated as OpenFF/ANI or CGenFF/ANI,

respectively.

Multistate equilibrium free energy simulations

For 10 molecules out of the 156 molecule subset, we performed multistate equilibrium free
energy simulations (MFES) using 11 equidistant A windows (A = 0.1,0.2,...,1.0), with A =0
being the MM-endstate and A = 1 being the NNP-endstate (protocol UVIE only). Sampling
was performed for 5 ns from each equilibrium distribution, and 5,000 samples were collected.
To ensure that the samples represent the stationary distribution, the initial 20% of each
simulation was discarded, resulting in 4,000 samples per simulation and A window. These
were further pruned, and only every 5th sample was used to calculate the free energy differ-
ence of interest. From the combined set of 11 alchemical states, consisting of 800 samples
each (11 x 800 in total), connecting the MM and NNP potentials, we calculated the free

energy difference using the MBAR estimator, as implemented in the pymbar package.®” We

10

https://doi.org/10.26434/chemrxiv-2023-8jgjq-v2 ORCID: https://orcid.org/0000-0002-2793-6656 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-8jgjq-v2
https://orcid.org/0000-0002-2793-6656
https://creativecommons.org/licenses/by-nc-nd/4.0/

monitored that there was overlap between neighboring A-states.

Results and Discussion

ASFE results using OpenFF 2.0
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Figure 2: Absolute solvation free energy calculations using the OpenFF force field.
AG. are the calculated values using protocol EXS, while experimental values (AGey,) are
taken from the literature.*?

The performance of the classical ASFE results for 589 molecules of the FreeSolv database
calculated with the EXS protocol (OpenFF 2.0) is good. A plot comparing experimental
and calculated ASFEs is shown in Figure 2. Both RMSE: 1.33 [1.23, 1.44] kcal/mol and
MAE: 1.01 [0.94, 1.08] kcal/mol are low. The values given in the brackets [ indicate the
95% confidence interval obtained via bootstrapping. The RMSE and MAE obtained with
OpenFF 2.0 are better than the values for 621 molecules obtained with CGenFF (RMSE: 1.76
[1.52,2.02] keal/mol, MAE: 1.12 [1.02,1.23] kcal/mol)? (protocol UVIE), as well as the values
obtained with the AMBER general force field (GAFF)®® for all 642 molecules as reported in
the FreeSolv database (RMSE: 1.54 [1.39; 1.70], MAE 1.11 [1.03; 1.19] kcal /mol).*5%6 Note

11
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that some improved results for GAFF have been reported recently. %5

In Figure S1 in the SI, we compare the ASFEs calculated with these three force fields
by presenting kernel density estimates (KDE)%%% of the deviation between experimental
and calculated ASFE, §AG. These plots highlight a weakness of all three force fields which
is not apparent from the RMSE and MAE: for all three, the peak of the KDE of dAG is
near -1 kcal/mol, indicating that on average ASFEs predicted by all three force fields are
too positive (i.e. too hydrophobic) by about 1 kcal/mol. This finding is in line with earlier

observations, see, e.g., Mobley et al.?
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Endstate corrections

Unidirectional correction of the OpenFF ASFEs to ANI-2x/OpenFF (589 com-

pounds, protocol EXS)

0.5 1
RMSE (OpenFF):1.33 [1.23,1.44] === OAGopenFr
MAE (OpenFF):1.01 [0.94,1.08] —_—
RMSE (OpenFF+ANI-2x):1.30 [1/20,1.40] OAGANTx/OpenFF
0.4 1 MAE (OpenFF+ANI-2x):0.98:[0.91,1.05]
0.3
z
)
C
8 0.2 1
0.1
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Figure 3: The KDE of JAG for the NNP corrected free energy estimate for the
589 compounds of the FreeSolv database. Overlay of the KDE for SAG (Equation 4) of
the MM (blue line, AGopenrr) and the NNP/MM (green line, AGopenrr/aniox ) free energy
estimates. Additionally, the plot shows dots indicating the individual deviations from the
experimental values for the MM ASFE results (blue dots) and the NNP/MM corrected
ASFE results using the unidirectional correction according to protocol EXS (green dots).
The gray line displays the ideal behavior, dAG = 0 with the two dotted gray lines indicating
a deviation of £ 1 kecal/mol.

Using the EXS protocol, we computed unidirectional AGR{y  \xp /v corrections for the
589 (out of 642) molecules in the FreeSolv database that can be described by the ANI-
2x NNP (cf. Methods). As indicated in the inset of Figure 3, the RMSE and MAE for
the MM and NNP/MM results are practically identical. Similarly, the correlation with the
experiment remains unchanged (Pearson correlation is 0.95 in both cases, while the Spearman

correlation increased marginally from 0.94 [0.93, 0.95] to 0.95 [0.94, 0.96]). All statistical
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descriptors (RMSE, MAE, etc.) discussed here and later in this manuscript are summarized
in a supplementary file (corrected ASFE.csv). An alternative summary of the results is shown
in Figure 3. Here, we superpose the KDE of JAG (Equation 4) between the experimental and
calculated MM and NNP/MM corrected free energy estimates for the 589 molecules under
investigation. The two KDEs are practically indistinguishable; if anything, the NNP/MM
results (green curve) are shifted slightly towards more positive values.

If one studies the corrections more closely (for full details, see the data in file cor-
rected ASFE_EXS_full_set.csv in SI), one notices that the absolute value of the correction
AGY~np/vu| for more than half of the molecules (294) is smaller than 0.5 kcal/mol.
First, this indicates that the free energy difference between the MM and the NNP/MM de-
scription of interactions is very similar for these solutes. Second, based on the statistical
uncertainty of the corrections (see corrected ASFE_EXS_full_set.csv in SI), 0.5 kcal/mol is
a rough threshold indicating whether the MM—NNP /MM correction is statistically signifi-
cant. While there are certainly systems for which the statistical error is very low and, thus,
corrections of, e.g., 0.2 or £0.3 kcal/mol are significant, such small (absolute values of the)
correction have marginal impact on the agreement with the experiment at best. Even if one,
therefore, considers only solutes for which the magnitude of the correction was larger than
0.5 kecal/mol, the resulting ASFEs had improved agreement with the experimental values in
only approximately 60% of the cases. Overall, both the statistical descriptors and the KDE
plots show that the effect of the MM—NNP /MM correction when applied to the full dataset

is statistically not significant.
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Comparison of corrections using different force fields (protocol UVIE and protocol

EXS, 156 molecule subset)

0.35-4 RMSE (OpenFF):2.11 [1.91,2. 3%] —— 6AGopenrr
MAE (OpenFF):1.83 [1.68,1.99
0.30 1 RMSE (OpenFF+ANI2x):1.92 [1.72,2.12]  — OAGannx/openFr
0.25 | MAE (OpenFF+ANI2x):1.61 [1144,1
= 0.20 A
k)
S 0.151
[a)]
0.10
0.05 -
0.00 -
—0.05 -
0.354 RMSE (CGenFF):3.10 [2.56,3.64] —— 6AGcgener
MAE (CGenFF):2.33 [2.04,2.67]] SAG
0.30 1 RMSE (CGenFF+ANI-2x):2.95 [2.40,3.55] — ANL2x/CGenFF
0.25 | MAE (CGenFF+ANI-2x):2.14.[1.83,2.47]
> 0.201
k)
S 0.15
[a)]
0.10
0.05 -
—0.05 - e

-10 5 10 15
6AG (kcal/mol)

Figure 4: The KDE of {AG (Equation 4) for the 156 compound subset. Top: KDE
of the errors obtained with OpenFF 2.0 (blue line) and for the NNP corrected results (green
line). Bottom: KDE of the errors for CGenFF (blue) and NNP corrected results (green).
Results for the individual molecules are shown as dots, blue for the MM, and green for the
NNP corrected values.

The results of the MM—NNP /MM corrections for the subset of 156 molecules, for which the
computed solvation energies are in poor agreement with the experiment when using either
the CGenFF or the OpenFF 2.0 force field, or both, are summarized in Figure 4. Using the
UVIE protocol, the MAE was reduced by 0.15 kcal/mol, from 3.10 [2.56, 3.64] kcal/mol to

2.95 [2.40,3.55] kcal/mol. While the Pearson correlation coefficient improved slightly from
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0.77 [0.69, 0.83] to 0.80 [0.72, 0.87], there was no change in the Spearman’s correlation (0.76
[0.66, 0.83] before and 0.76 [0.64, 0.83] after the correction). Applying the NNP correction
to the ASFEs obtained with OpenFF (protocol EXS) gave a similar trend. The RMSE and
MAE were reduced from 2.11 [1.91, 2.32] kcal/mol and 1.83 [1.68, 1.99] kcal/mol to 1.92
[1.72, 2.12] kcal/mol and 1.61 [1.44, 1.79] kcal/mol, respectively. The Pearson as well as the
Spearman correlation improved slightly from 0.90 [0.87, 0.92] to 0.93 [0.90, 0.95] and from
0.91 [0.87, 0.93] to 0.92 [0.89, 0.94] respectively. While the numbers move slightly in the
right direction, none of the improvements is statistically significant. The KDEs in Figure 4
provide similar information: for both protocols, the NNP/MM corrected results are shifted
slightly towards the right, including the respective peak of the KDE, but one also sees that
some results become even more too positive, i.e., one sees more green than blue dots towards

positive values.

Table 1: Comparison of improvements for the 156 compound subset

CGenFF OpenFF
Corrections improving the
esas () %P
Percentage of molecules 94 29
with [AG®™| > 0.5 keal /mol [%)]
" Percentage thereof improving | .
results [%] 08 07

Table 1 provides some information in how many cases the NNP correction (AGR{y_xxp /nim)
improved the agreement with the experimental values. In both protocols, this was the case
for slightly over 60% of the solutes. However, even for this reduced subset of molecules, the
(absolute value of the) correction is < 0.5 kcal/mol in most cases; |AG{qy xxp/a | 18 larger
than 0.5 kcal/mol for only about 25% of the compounds (37 for CGenFF, 46 for OpenFF).
For these molecules, applying the MM—NNP /MM correction improves the agreement with

experiment in almost 70% of the cases, a slightly higher percentage compared to the entire

156 molecule subset.
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Comparing unidirectional with bidirectional and MFES results

In protocol UVIE, we computed the MM—NNP /MM correction not only unidirectionally, i.e.,
by using Jarzynski’s equation, but also carried out equilibrium simulations at the NNP/MM
level of theory and backward switches in the NNP/MM — MM direction. Hence, we also
calculated AGﬁﬁ’gﬁ%}{S/MM using Crooks’ equation. Therefore, we could investigate de-
viations of the unidirectional from the bidirectional results. Out of the 156 compounds
studied using the UVIE protocol the deviation between the Jarzynski and Crooks results,
A Crooks = AGﬁﬁgﬁ’gﬁ M AGYN _NNp M| Was larger than 1 kT only for 10 compounds,
either in the gas phase or in aqueous solution, or both. For three solutes, A cors Was larger
than 2 kcal/mol. Full details, together with the 2D structures of the ten molecules, are
shown in Figure 53.

When using the protocol UVIE, overlap between forward and backward work distributions
was monitored routinely. We observed that there was no overlap between the distributions
of forward and backward work values in the three cases where Agpors > 2 kecal/mol, plus
one additional case. Poor or no overlap between forward and backward work distributions
raises doubts about the reliability of even the Crooks results. Therefore, for these ten
molecules we also computed the correction free energy by MFES (AGT&&&EE?) /MM) and
inspected Ayrrs = AG{ s — AGﬁﬁgﬁ;’}; s the deviation between the MM—NNP /MM
correction calculated with Crooks’ equation and MFES. The detailed results are also plotted
in Figure 53. For the six molecules for which there is overlap, Ayrgs < 1 keal/mol and most
deviations are even within the 1 kT threshold. For the four molecules without overlap, the
deviation is larger, as is to be expected (bottom panel of Figure 53).

These findings indicate that unidirectional methods are not sufficient in all cases, and in
selected cases, even the bidirectional Crooks result may not be fully reliable. However, we
observed problems only for 10 out of 156 molecules, i.e., for well below 10% of the system

studied. Replacing the unidirectional corrections with the Crooks or MFES results would

lead to only negligible changes in the overall RMSE, MAE, and correlation coefficients. Fur-
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thermore, the more accurate corrections (Crooks and/or MFES) do not necessarily improve

the agreement with the experiment; see spreadsheet corrected ASFE_EXS_full_set.csv in SI.
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Figure 5: Panel A: Box plot of the unidirectional NNP correction (AGYN ,xnp/an) 85 2
function of the number of rotatable bonds for the 156 compound subset using protocol UVIE
(an analogous plot for EXS is shown in Figure S2 in the SI). Molecules which are outliers in
terms of AG{H . xnp /MM Are indicated as diamonds and labeled by numbers, starting with
1 for the compound having the highest correction value. Compounds which are also outliers
when using the protocol EXS are colored in purple. The bars at the top of the plot indicate
how many molecules have this number of rotatable bonds. Panel B: Molecular structures
of the outliers 1-12. Molecules in the purple box are also outliers when using the protocol
EXS. Panel C: Density of the indicated dihedral angle of compound 4 (left side) and 5 (right
side), respectively, in the gas phase and in aqueous solution when using cgenff (blue) and
ANI-2x (green).
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Investigating large corrections and poor convergence Since AG{ . xnp /MM Was
negligible in many, if not most cases, it is of some interest to investigate when the correction
is likely to be sizeable. Furthermore, although it affects only a few systems (cf. the previous
subsection), it is important to understand when and why unidirectional approaches (Jarzyn-
ski’s equation) may fail to converge. In trying to address these questions, one should keep
in mind that the NNP/MM description used in this study only applies to the solute. While
the solute’s interactions are treated by ANI-2x, the solute—solvent interactions are always
classical. Any analysis, therefore, has to focus on the solute, i.e., the part of the system
handled by the NNP.

Studies using the indirect cycle approach to compute free energy differences at the
QM/MM level of theory have shown that convergence is difficult to achieve if there are
different conformational preferences at the two levels of theory.3%3363 We use the shorthand
"different conformational preferences” to refer to situations, where the conformations sam-
pled preferentially or exclusively at one level of theory, are rare or never sampled at the
respective other level of theory. Such cases are more likely for flexible solutes. The preferred
conformation(s) of a solute, however, influences its solvation free energy, so for flexible solutes
AGSN_NNP /M may also be larger.

To explore this hypothesis, we grouped the MM—NNP /MM corrections obtained for the
156 compound subset and protocol UVIE according to the number of rotatable bonds n,,;
(as reported by the CalcNumRotatableBonds function in the rdkit toolkit!). This criterion
is clearly far from perfect; e.g., aliphatic ring systems may have n,,; = 0; yet, they are often
highly flexible. In Figure 5A, AG{\_nnp /MM 8S A function of n,,; is shown as box plots;
all outliers (shown as diamonds) have numbers indicating the molecules in question (these
are shown in Figure 5B). An analogous plot for EXS is shown in Figure S2 of the SI. Solutes
that are outliers in both protocols are highlighted in purple. Ignoring for the moment the

outliers, there appears to be a slight trend to larger corrections as n,,; increases. Given that

https://www.rdkit.org/
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changing from an MM to an NNP potential energy function only affects the intramolecular
interactions of the solute, the AG{_ xnp /i correction is expected to be small for rigid
molecules (low n,,, aromatic rings). Conversely, however, the correction does not have to
be significant for flexible molecules. First, if the MM and the NNP descriptions of the solute
intramolecular interactions lead to similar conformational preferences, there is little reason
to expect large corrections. Furthermore, even if the MM and NNP descriptions of the solute
do result in different conformational preferences, the solute-solvent interactions, which are
described classically throughout, may still be similar.

Analyzing some outliers provides additional insight. The two solutes with the largest
AGYN_NNp MM value have n,,; = 1 (compound 1) and n,,; = 5 (compound 2). Both have
also large AG{ . xnp MM values using protocol EXS (see Figure S2) and converge poorly,
see the previous subsection and Figure S3. The pyranose ring of compound 1 is an example
where the n,,; criterion fails; obviously, this cyclic structure is highly flexible, but this is
not picked up by rdkit’s rotatable bond criterion. This is also the case for compound 3,
which is reported as n,,; = 0. Compound 2, on the other hand, is obviously flexible, and
has a large number of rotatable bonds. On the other hand, the AG§ . xnp v value of
compound 4 (n,,; = 0) seems unexpected, as this is an aromatic ring. A possible explanation
can be seen in Figure 5C, left panel, where the average population of the indicated C-C-O-H
dihedral angle is plotted. Especially in aqueous solution, the distributions of this dihedral
angle are quite different for the force field (blue) and for ANI-2x (green). The orientation
of the hydroxyl group relative to the chlorine substituents may well influence the solvation
free energy of the molecule. An analogous plot is shown in the right panel of Figure 5C for
compound 5. It has two rotatable bonds, one of which, the O-C-C-N dihedral angle indicated,
is populated quite differently when the solute is described by MM and NNP, respectively.
Similarly to what was just discussed for compound 4, the different orientation of the hydroxyl
group relative to the other substituent(s) when using MM and ANI-2x, respectively (data not

shown), also seems to be the cause of the large AG§IY e /M corrections for compounds 6
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and 8. Finally, compound 9, bis-2-chloroethylether was discussed in some detail in Ref. 31,
where it was found that the conformational preferences of the two relevant dihedral angles

differ significantly between MM and the semi-empirical QM method used.

Conclusion

Utilizing the ANI-2x potential, we employed an automated protocol to correct solvation
free energies obtained with the OpenFF and CGenFF force fields. When applying the
MM—NNP /MM correction to the full subset of molecules that can be described by ANI-2x,
the minuscule overall improvement in free energy is statistically not significant (see Figure
3). Focusing on the subset of molecules for which the error of the ASFE is highest using the
MM protocols, we can observe some improvement and large corrections for a few molecules
(see Figures 4 and 5). Even here, however, the changes are statistically not significant, and
for the systems where the corrections are > 0.5 kcal/mol, they improve the agreement with
the experiment only in less than 70% of the cases.

The majority of the results presented here were calculated using unidirectional NEQ
protocols, i.e., Jarzinsky’s equation. The ANI-2x potential is sufficiently fast so that we
could also carry out bidirectional NEQ switching and sampling for a sizeable subset of
the FreeSolv (156 molecules, protocol UVIE). Only a small subset (10 out of 156) showed
statistically relevant deviations between the free energy estimate based on the forward NEQ
switching trajectory and the forward and reverse NEQ switching trajectories.

There are important lessons in these results: The currently available coupling between
MM and ANT corresponds to mechanical embedding in QM /MM. %13 The description of the
solute—solvent interactions remains classically at both levels of theory (MM and NNP/MM).
This explains why different results are obtained depending on the MM force field used, and
why the corrections are tiny in most cases. As shown, large corrections are obtained primar-

ily for large, flexible solutes. We, therefore, conclude that improving free energy estimates
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significantly will require advanced treatment of the interaction of the small molecule with
its surroundings, i.e., moving beyond mechanical embedding.%* %" Given the limitations of
mechanical embedding, using unidirectional methods to compute the MM—NNP /MM cor-
rections seems adequate. As an alternative to more advanced embeddings, the treatment
of the entire system with the NNP should be considered; the performance of ANI-2x is un-
doubtedly sufficient to allow nanosecond simulations of solute—solvent systems consisting of
the solute and up to a thousand solvent molecules. Obviously, direct free energy simula-
tions at the NNP level of theory require testing that the NNP used reproduces condensed
phase properties of aqueous solutions correctly. In addition, protocols for the annihilation
or decoupling of the solute need to be developed to ensure that endpoint catastrophes are

avoided.
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(1) In the supplementary information PDF file, the following additional details are provided:

We describe in detail how ASFEs were calculated on the MM level of theory and how
the endstate corrections to the ANI-2x potential were applied for the two respective
protocols (UVIE and EXS). In Figure 52 we show the unidirectional NNP correction as
a function of rotatable bonds for the 156 compounds subset using protocol EXS as well

as the structures of the outliers observed. In Figure 53 we show several characteristics
of the 10 compounds (of the 156 subset), for which the MM — NNP/MM correction

differed by more than 1 kT when computed by Jarzynski’s and Crooks’ equation.

(2) The ASFE on the MM and NNP/MM level for the 589 compounds of the FreeSolv
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database calculated using EXS are summarized in the spreadsheet corrected ASFE_EXS_full_set.csv
(3) The ASFE values on the MM and NNP/MM level for the two force fields (OpenFF 2.0
and CGenFF) for the 156 compounds of the combined dataset calculated with protocol EXS
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the correction for cgenff, unidirectional values are indicated with ”Jar”, while bidirectional

values are depicted with ”Crooks”.
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