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Abstract

Machine learning (ML) methods offer a promising route to the construction of
universal molecular potentials with high accuracy and low computational cost. It is
becoming evident that integrating physical principles into these models, or utilizing
them in a A-ML scheme, significantly enhances their robustness and transferability.
This paper introduces PM6-ML, a A-ML method that synergizes the semiempir-
ical quantum-mechanical (SQM) method PM6 with a state-of-the-art ML poten-
tial applied as a universal correction. The method demonstrates superior perfor-
mance over standalone SQM and ML approaches and covers a broader chemical
space than its predecessors. It is scalable to systems with thousands of atoms,
which makes it applicable to large biomolecular systems. Extensive benchmarking
confirms PM6-ML’s accuracy and robustness. Its practical application is facili-
tated by a direct interface to MOPAC. The code and parameters are available at

https://github.com/Honza-R/mopac-ml.
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1 Introduction

Machine learning (ML) methods represent a promising avenue for the construction of uni-
versal molecular potentials with high accuracy and favorable computational cost. How-
ever, it is becoming increasingly evident that incorporating some physics into the model
confers advantages, rendering the model more robust and reducing the amount of data re-
quired for training. This approach can be taken to the extreme, whereby machine learning
can be applied on top of a complete but approximate computational method and trained
to reproduce more accurate calculations. This approach, designated delta-machine learn-
ing (A-ML), is particularly well-suited for enhancing the precision of computationally

inexpensive yet broadly applicable computational chemistry methods.

The same topic can be viewed from an alternative perspective. Semiempirical quantum
mechanical (SQM) methods!? offer a distinctive combination of universal applicability,
rooted in a solid physical background, and of favorable computational efficiency. How-
ever, this efficiency is achieved by introducing approximations that limit the accuracy of
the method. We, along with other researchers, have been engaged in efforts to address
some of these limitations, particularly those related to the description of non-covalent
interactions (NCIs),?® with the goal of developing methodology applicable to large sys-
tems such as biomolecules.? ** These corrections, along with novel methods incorporating
them, have led to a notable advancement over the previous state of the art. However,
there remain challenges that cannot be resolved through this approach.

This work builds on our experience with the development of corrections for SQM
methods. Instead of using additional corrections addressing specific phenomena, we have
constructed a A-ML model combining PM6,12 an universal SQM method, with state-of-
the-art ML potential applied as correction and trained to reproduce high-quality DFT
calculations. The resulting method, named PM6-ML, is shown to outperform both stan-
dalone SQM and ML methods. In comparison to earlier SQM-based A-ML methods,
this new approach offers greater accuracy and, for the first time, covers a wider chemical
space, what renders it applicable to real-world chemical problems.

The selection of PM6 as the baseline method was driven by its inherent properties and
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the availability of a linear-scaling implementation,® which allows it to be applied to very
large molecular systems. PM6 is a classical SQM method based on the NDDO (neglect of
diatomic differential overlap) approximation,* which is universally applicable to a broad
chemical space.1? It served as the main platform for the development of our earlier cor-
rections for non-covalent interactions, and with these, as PM6-D3H4X,45 it is one of the
most accurate SQM methods in our primary area of applications, namely biomolecules.
These findings were validated by extensive benchmarking, which simultaneously revealed
the method’s most significant deficiencies. In particular, the PM6-D3H4X SQM method

1516 514

exhibited poor description of non-covalent interactions at very short distances
significant errors in relative energies of conformers,*” which are limitations shared by
other SQM methods. Despite our best efforts, we were unable to identify a satisfactory
solution to these issues through additional corrections or reparametrization of PM6 itself.
This ultimately led us to pursue the ML correction as a potential solution.

Since our goal is to reproduce high quality reference data, the ML potential used as a
correction must be able to achieve high accuracy, but it must also be data efficient, since
the reference computations themselves are quite demanding. Both requirements are met
by the Equivariant Transformer (ET) models, which represent the current state of the art
in ML potentials. Among the few implementations of ETs available at the time we started
this project, we had chosen the TorchMD-NET/ET potential'® because it had already
demonstrated its applicability as a stand-alone ML potential covering the same chemical
space we were targeting (note that the potential is labeled ” TorchMD-NET/ET” for the
purpose of distinguishing it from the TorchMD-NET framework, which also implements
other models).

The primary data utilized for the training of the correction is the SPICE database,®
which offers comprehensive coverage of biomolecules, organic compounds, and ions com-
prising 15 elements (H, C, N, O, P, S, F-I, Li-K, Mg, Ca). This represents a significant

20.21 which are applicable to

advantage over the preceding SQM-based A-ML approaches,
only four elements (H, C, N, O). Another advantage of the SPICE database is that it

has been computed at a very high level using one of the top-performing DFT function-
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als, wB97TM-D3BJ,?2 in a large def2-TZVPPD basis set.?* We complemented the SPICE
dataset by additional systems covering non-covalent interactions taken from the NCIAtlas
database 162421

The development of the method is supported by extensive benchmarking, including
comparisons with previous A-ML approaches, a range of SQM methods, and multiple
standalone ML potentials. The methods were evaluated using a diverse collection of
datasets that encompassed the intended applications to organic and biomolecular systems.
Furthermore, selected methods were evaluated in a realistic scenario derived from previous
research on protein-ligand interactions.

The results presented here demonstrate that the PM6-ML method outperforms both
the components it is constructed from — namely, SQM calculations or machine learning
alone. The machine learning is able to correct errors in the SQM calculations with
unprecedented accuracy. Conversely, the solid physical basis lends the resulting method
robustness, which is difficult to achieve with machine learning only. This is demonstrated
mainly by the excellent transferability from the small systems used in the training to much
larger ones that are important for practical applications.

In order to facilitate the use of PM6-ML, we have implemented a direct interface
between the ML correction and MOPAC, which is the leading software in the field of

SQM calculations. The code, as well as the parameters for the ML model, are available

at https://github.com/Honza-R/mopac-ml.

2 Methods

2.1 PM6 and Corrections for Non-Covalent Interactions

The foundation of PM6-ML is the classical semiempirical method PM6, which is based on
the NDDO approximation. There were two primary reasons for utilizing a method from
this class: first, these methods are highly robust, exhibiting no convergence issues in large

systems, which is a common occurrence in density functional tight binding methods. Sec-

ondly, when computed in the MOPAC software, they can be coupled with the MOZYME
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linear scaling algorithm, which makes them faster than any competing method in very
large systems (thousands of atoms). Moreover, we have extensive experience with PM6
from our previous work.

PM6-ML is intended as a replacement for the empirical corrections for SQM methods
that we developed previously. It will therefore be compared to the most recent version
of PM6 with corrections for London dispersion, hydrogen, and halogen bonds, PM6-
D3H4X.%5 Specifically, the H4 and X corrections, with parameters updated in Refs. 24
and 26, and the additional repulsive correction introduced in Ref. 16, are employed
throughout the paper. This method is designated PM6-D3H4X’ to differentiate it from
the default version.

All the PM6 calculations presented in this work were conducted using MOPAC.28

2.2 PM6-ML Correction

The PM6-ML method combines unmodified PM6, the D3 dispersion correction, and the
machine learning potential, repurposed to serve as a short-ranged correction for the re-
maining errors. The ML correction (AE), ) is trained to reproduce the difference between
the DFT reference and PM6, both without the D3 dispersion correction. The dispersion
correction AFEps, as parametrized for the DF'T reference, is then added back, so that the

final PM6-ML energy is assembled as:

Epye—mr = Epye + AEps + AEy g, (1)

The AE),y, correction is based on the TorchkMD-NET /ET ML potential, as detailed in

2930 affording it

Ref. 18. This potential employs the equivariant transformer architecture,
significant advantages. The appropriate handling of spatial symmetries enables the train-
ing of more robust potentials with only moderate requirements on the size of the training
dataset. In contrast to the original setup, which was intended as a standalone potential,
we reduce the radial cutoff defining the environment of each atom to 5 A and use only a

single atom type for each element, regardless of the charge of the atom. This is due to the

fact that the electrostatics is handled by the underlying SQM calculation. Also, in cases
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where a correction is required at the short range, the charge information can be inferred
from the environment of the atom. Finally, the original TorchkMD-NET /ET model exhib-
ited a discontinuity in the potential at the cutoff distance. This was fixed in collaboration
with the authors of the TorchMD-NET software (see the Acknowledgements) and all the
models presented here are free of this error.

The D3 dispersion correction in the wB97M-D3BJ functional employs the Becke-
Johnson damping with parameters sg = 0.3908, a; = 0.566, and ay = 3.128, with these
values being utilized here without modification. In addition, the three-body dispersion
term is included in the calculation of AFp3, which is not used in the wB97M-D3BJ
functional. This term is negligible in the small molecules used for training, but it should

improve the description of larger systems where PM6-ML will likely be used.

2.3 Training Data

The training data were obtained from two sources - the SPICE* and the Non-Covalent
Interaction Atlas1®24 27 (NCIAtlas) databases. The SPICE database (version 1.1.2), com-
prising approximately 1.1 million conformations of small molecules (including peptides,
amino acids, drug-like molecules, and ions) and their non-covalent complexes, serves as
the backbone of the training data. To enhance the representation of a broader range of
non-covalent interactions, the NCIAtlas datasets were further added to the training data.
The NCIAtlas is comprised of seven datasets that map disparate classes of non-covalent
interactions within an expanded chemical space, and it provides multiple points along
the dissociation curve of each complex. From each of these datasets, 50 systems were
removed for subsequent use in the validation dataset (see Section 2.5 for details). Addi-
tionally, systems that fell outside the PM6-ML chemical space were excluded. The final
composition of the training data is presented in Table 1.

The methods presented here are trained to reproduce the reference DF'T atomization
energies, A, Eprr.p3. Furthermore, the associated DFT gradients are also used in the
training, providing a substantial additional data that characterize the potential energy

surface of the molecules. The SPICE database provides both the energies and gradi-
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ents computed at the wBITM-D3BJ/def2-TZVPPD level.1? The NCIAtlas datasets were
calculated at the same level in Orca, version 5.0.3.3132

The PM6-ML correction is trained to reproduce the difference between the DFT and
PM6-ML atomization energies and gradients. For this purpose, the whole training set was
recalculated with PM6 in MOPAC. The training data are then constructed as a difference
between the DF'T and PM6 atomization energies. Since the D3 dispersion correction is
already included in the DFT results, the same D3 correction is added to the PM6 side
(see the previous section, denoted as PM6-D3) prior this subtraction. The quantity used

for the training of the PM6-ML correction, denoted as AFEy,q,, is thus defined as:

AE4in = At Eppr-ps — Aat Epne-ps (2)

and its gradient is constructed in the same way.

Table 1: The training data employed in the development of PM6-ML comprises a com-
bination of the SPICE and NCIAtlas databases.

Database Dataset Molecules Conformations
SPICE Dipeptides 677 33850
Solvated Amino Acids 26 1300
DES370K 3864 364376
PubChem 14643 731856
Ton Pairs 28 1426
NCIAtlas D1200 752 752
D442x10 230 2300
HB300SPXx 10 250 2500
HB375x10 325 3250
THB100x10 50 500
Rep739x5 504 2520
SH250x10 128 1280
Total 21477 1145910

2.4 Training Procedure

The PM6-ML correction, as well as a reparametrization of the standalone TorchMD-
NET/ET potential (see Section 2.7 below), had been trained using the ”torchmd-train”’

tool from the TorchMD-NET project.3* This tool employs the " Trainer” module of Py-
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Torch3* to perform the optimization of the model.

The hyperparameters utilized for training are derived from those used to train the
original TorchMD-NET/ET model on the SPICE dataset, as provided in the TorchMD-
NET GitHub repository.3* However, a few modifications have been made: The majority
of the training was performed on RTX 3090 graphics cards, which limited the batch size
to 62. The upper cutoff was reduced to 5 A, as the model is mainly meant to correct
shorter-range errors. For both the PM6-ML correction and the standalone ML potential,
40 models were trained starting from different randomized initial parameters (keeping all
the hyperparameters but the random seed the same).

All models were trained until convergence, as defined by the hyperparameters. Fur-
thermore, we verified that continuing the training beyond this point did not result in any
noticeable improvements. It is important to note, however, that the quality of the trained
models exhibited significant variation depending on the initial conditions (defined by the
random seed used to generate the starting point). Consequently, the performance of all
resulting models was subsequently analyzed in more detail, and the best candidates were

selected as described in the Results and Discussion, Section 3.1.

2.5 Validation Datasets

The PM6-ML method is benchmarked and compared to other A-ML, SQM, and ML
approaches using multiple validation datasets covering its primary area of applications.
These include non-covalent interactions and conformation energies of organic compounds
and biomolecules.

Non-covalent interactions. The first part of the validation set comprises subsets
of all the NCIAtlas datasets, specifically D442, HB375, HB300SPX, R739, SH250, and
IHB100, which have been excluded from the training set. It should be noted that, in con-
trast to the training phase, only the equilibrium geometries are employed in the validation
step. This is indicated by dropping the suffix ” x...” from the names of the datasets. For
each of the aforementioned datasets, the validation subset is constructed by taking the

predefined subset of the 50 most diverse systems (obtained by a clustering analysis, as
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reported in the original publications) and removing systems containing elements outside
the PM6-ML chemical space. This results in a reduction of the number of systems to
26 in D442, 22 in R739, and 43 in SH250. These datasets facilitate the interpretation
of the results in terms of different classes of non-covalent interactions and the chemical
composition of the systems. In some tests, these datasets had been complemented by the
widely used, but less diverse S66 set. In all these datasets, the benchmark interaction
energies were computed at the coupled cluster with single, double, and perturbative triple
excitations (CCSD(T)) level and extrapolated to the complete basis set (CBS) limit. The
interaction energies are computed on the fixed structure of the complex, and thus do not
include the deformation energy.

Non-covalent interactions in large systems. As the developed method is in-
tended for applications to large molecular systems, it is essential to validate its accuracy
in such context. To this end, we employ a series of datasets of increasing size. First,
for the widely used L7 and S12L datasets,?>3% we utilize the highest-quality benchmark
interaction energies, computed using domain-based local pair natural orbital coupled
clusters (DLPNO-CCSD(T)), extrapolated to the complete basis set (CBS) limit.3 This
benchmark is only available for six systems from the S12L set (2a, 2b, 4a, ba, 6a, and
7b), and these are the only ones used. The systems in question range in size from 72 to
177 atoms. Secondly, the PLA15 set, as outlined in reference 9, is employed, comprising
fifteen protein-ligand complex models. There, the DLPNO-CSCD(T) benchmark is con-
structed from fragment-based calculations, and the systems comprise 283 to 584 atoms.
In certain instances, we also examine these fragments, designated as PLF547 datasetset,
independently. Finally, we assess the performance of PM6-ML in larger protein-ligand
complex models (up to 1,000 atoms) from the PL-REX dataset,™ for which DFT calcu-
lations are available (136 systems, after zinc-containing complexes had been excluded).
These employ a DFT functional similar to the one utilized for PM6-ML training, namely
wBITX-D3BJ, but with a more compact DZVP-DFT basis set®® (which had been vali-
dated to perform exceptionally well for non-covalent interactions3?).

Conformation energies and torsional profiles. Another important domain in
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which the A-ML approach can offer substantial enhancements to SQM methods is in the
calculation of relative energies of conformers. This is validated in multiple established
benchmark datasets. In this context, the relative energies are evaluated with respect
to the lowest-energy minimum of each molecule. The MPCONF196 set comprises small
peptides and peptidic macrocycles, with conformation energies computed at the DLPNO-
CCSD(T) level. 47 The Amino20x4 set, obtained from the GMTKN55 database, 4 com-
prises selected conformers of biogenic amino acids computed at the CCSD(T)-F12/CBS
level. The SCONF dataset, drawn from the same database, features conformers of
sugars, a particularly challenging problem for SQM methods. Finally, we examine the
source of the errors in the conformation energies by analyzing CCSD(T)/CBS torsional
profiles of diverse drug-like molecules from the dataset of Sellers** (denoted ” Torsions”
in the remainder of the text).

Evaluation of the results. The primary measure of the performance of the studied
methods in the validation datasets is the root mean square error (RMSE). When assessing
multiple datasets simultaneously, the RMSE is evaluated in each of them and averaged.
In some cases, it is more useful to discuss relative error, which we define as the RMSE
divided by the average magnitude of the studied quantity at the benchmark level and
express in percent. Additional statistical measures are available in the outputs provided

in the Supporting Information.

2.6 SQM and DFT Methods Included in the Benchmarking

For the purpose of comparison with earlier SQM approaches, a selection of these was
incorporated into the benchmarking process. Firstly, we utilise PM6 without the ad-
ditional corrections.*2 Secondly, PM6 is employed with the most recent corrections for
non-covalent interactions, described above and denoted PM6-D3H4X’. Thirdly, PM7 is
included, which incorporates analogous corrections for dispersion and hydrogen bonding.”
However, it has already been demonstrated to be unsuitable for the application to larger
systems.#? The calculations were performed using MOPAC?® with the D3H4X’ correc-

tions added using the Cuby framework.%® Finally, the extended tight binding method

10
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GFN2-xTB was also tested, as this represents a different family of SQM methods and is
known to perform well in a wide range of benchmarks.®

The PM6-ML method had been trained on DFT-D3 reference data; however, the ma-
jority of the validation datasets had been computed at a higher level. It is thus necessary
to benchmark also the DF'T method used to generate the training set with respect to the
high-accuracy QM reference. The validation sets were thus recalculated using the same
DFT setup, employing the wB97M-D3BJ functional?? and the def2-TZVPPD basis set.23

The aforementioned calculations were performed using Orca, version 5.0.3.3%32

2.7 A-ML and ML Methods Included in the Benchmarking

TorchMD-NET /ET. First, in order to enable a comparison between our A-ML ap-
proach and a pure ML potential with the same setup, the TorchkMD-NET/ET model
was reparametrized with the same hyperparameters that were used to develop PM6-
ML on the same training set. Analogously, the most accurate yet well-balanced model
was selected from among the 40 candidates. The resulting model demonstrated superior
performance compared to the published models trained on the SPICE dataset.** Addi-
tionally, the original model fails in large systems because of internal limits of the number
of atoms defining the atomic environment. Consequently, we have chosen to utilize only
our reparametrization in the benchmarking.

AIMNet24® is a machine learning potential that incorporates physics-based compo-
nents, specifically separate terms for electrostatics and London dispersion. It encompasses
a relatively broad chemical space. These properties render it a viable candidate for appli-
cations to large biomolecular systems. A variety of parameter sets are available for use.
In this study, we employ the variant that was trained on the higher-level reference data,
wB97M-D3 DFT calculations, in the ensemble version (averaging over the ensemble of
models) which is supposedly the best parameter set available. The code and parameters
were downloaded from the AIMNet2 GitHub repository.4

MACE-OFF2347 is a very recent equivariant message-passing ML potential cover-

ing sufficiently large chemical space. However, it is constrained to neutral molecules,
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which renders it applicable only to a subset of the benchmarks presented in this paper.
MACE-OFF23 had been trained on a dataset that was primarily derived from the SPICE
database, which has also been utilized in this work. The calculations were performed us-

4849 and model obtained from the respective GitHub repositories.?®5 In this

ing software

paper, we consistently use the most accurate MACE-OFF23 model labeled ”large”.
Other ML methods either do not provide a general model that can be readily used,

do not cover the chemical space of our benchmarks, or are not freely available. The latter

applies, for example, to the ML and A-ML methods described in Ref. 52, which would

be interesting to include in our comparison, but access to them is limited.

Table 2: A-ML and ML methods used in the paper

A-ML Ref. Elements Notes

PM6-ML This work 15: H, C, N, O, P, S,  SQM + Equiv. transformer
F-1, Li-K, Mg, Ca

AIQM1 20 4: H,C, N, O SQM + ANI NN

QD7 21 4: H, C, N, O DFTB3 + ML

ML Ref. Elements Notes

TorchMD-NET/ET 18, this work 15: H, C, N, O, P, S,  Equivariant transformer
F-I, Li-K, Mg, Ca

AIMNet2 45 14: H, B, C, N, O, ML + Coulomb + D3
F-1, P, S, Si, As, Se

MACE-OFF23 47 10: H, C, N, O, F, P, ML, neutral molecules only
S, ClL, Br, I

2.8 Software Implementation

For the development and testing of PM6-ML, we interfaced the TorchMD-NET model

k4353 which already provides an interface to PM6 calculations

to the Cuby framewor
in MOPAC and can combine arbitrary methods. The D3 dispersion correction is also
provided by Cuby. This implementation is also useful for benchmarking, as it provides
access to a wide range of predefined datasets and automates the calculations on them.%*

It is therefore the reference implementation used in the development of the method and

all the results presented here had been computed using this code. The latest version
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of Cuby, includes this interface, and an example input for performing PM6-ML calcu-
lations is provided in the documentation at http://cuby4.molecular.cz/interface_
torchmdnet.html.

To simplify the use of PM6-ML for existing MOPAC users and to provide access to
all the functionality of MOPAC, we also developed a direct interface between MOPAC
(written in Fortran) and the code implementing the ML correction (written in Python
and using PyTorch as the ML backend) with D3 dispersion provided by simple-dftd3
library.?® It consists of a wrapper layer that initializes the ML model and passes control
to a modified version of MOPAC, which can then request the computation of the ML
correction whenever the SQM energy or gradient is evaluated. This code is available in
a GitHub repository https://github.com/Honza-R/mopac-ml. It was tested to closely

reproduce the results in the validation datasets introduced above (Section 2.5).

3 Results and Discussion

3.1 PM6-ML Training and Model Selection

A total of 40 models were trained to convergence for both the TorchMD-NET/ET and
PM6-ML methods, initiating the training process from different, randomly generated
initial conditions. The considerable variability in the outcomes necessitated a more com-
prehensive examination.

This variance is evident in the final value of the loss function (the error measure
minimized by the optimization), with some models exhibiting significantly superior per-
formance compared to others. It became evident that only a select few of the 40 models
should be chosen for the final use. However, employing training loss as the sole criterion
for model selection would not yield the optimal method for practical applications. The
composition of the training set is significantly biased (over 60% of the data comprises
drug-like molecules sourced from PubChem), and the overall error does not guarantee that
the method will perform equally well in cases with lower representation in the training

set.
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Therefore, an additional metric was evaluated, reflecting both the accuracy of the
model and the balance of the description of the different subclasses of the training set.
A root mean square error (RMSE) was calculated for each subset of the training data,
as detailed in Table 1. Furthermore, to enhance the model’s generalizability to larger
systems beyond those included in the training set, we assessed also the RMSE for the
interaction energies in the L7 and S12L datasets from the validation set. The final error
measure used for the selection of the optimal models is a product of the aforementioned
RMSEs. In general, this RMSE product correlates well with the overall loss function;
however, it alters the ordering of the top-performing models, favoring those with greater
balance.

A concise statistical comparison between the best models and the median is presented
in Table 3, which also illustrates the superiority of the A-ML approach, PM6-ML, over
the pure ML model. The individual results for all models are provided in the Supporting
Information, Tables Tables S5 to S10. All the results presented in the remaining part
of the paper were computed with the best model selected using the aforementioned pro-
cedure. For PM6-ML, it is the model labeled "seed8” in the tables in the Supporting
Information. This model will also be released along with the code implementing the

PM6-ML method. For TorchMD-NET/ET, it is the model denoted ”seed25”.

Table 3: The metric used to select the final model, a product of root mean square errors
computed in the individual subsets of the training set, and the final value of the loss
function used in the training, for five best models and the median of all the 40 models

trained.

Method Model RMSE product Training loss

PM6-ML 1. (seed8) 0.09 108.93
2. (seed15) 0.27 110.71
3. (seed21) 0.28 113.92
4. (seedl7) 0.31 117.30
5. (seed3) 0.39 114.18
median 1.09 116.16

TorchMD-NET/ET 1. (seed25) 840 184.52
2. (seed2) 879 171.22
3. (seed19) 1126 163.28
4. (seed31) 1361 178.67
5. (seed30) 1449 174.02
median 20788 185.81
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3.2 Comparison to Earlier SQM/A-ML Approaches

First, we compare PM6-ML with the two other available A-ML methods based on SQM
calculations, AIQM12% and QD-7.2* They are both applicable to molecules with only four
elements (H, C, N and O), which limits the choice of validation sets for this comparison.
The results are plotted in the Figure 1 and are available in the supplementary information
as a Table S1.

In the datasets of small, neutral non-covalent complexes (D442, HB375, R739, and
S66), PM6-ML consistently yields root-mean-square errors (RMSE) under 1 kcal /mol, fol-
lowed by AIQM1, which exhibits a larger error in the D442 dataset (RMSE 1.84 kcal /mol).
The QD-7 method yielded larger errors (RMSE between 2 and 3 kcal/mol) in all datasets
except for S66. When charged molecules are considered in the IHB100 dataset of ionic
hydrogen bonds, PM6-ML provides accurate results with an RMSE of 0.75 kcal/mol,
representing a significant improvement over the earlier corrections for PM6. The RMSE
yielded by AIQM1 is 2.3 kcal/mol, and this error is not systematic. Conversely, QD-7
consistently overestimates the strength of these interactions, resulting in an RMSE of up
to 7.48 kcal/mol. In the next two sets of larger non-covalent complexes, L7 and S12L,
PM6-ML yields larger errors (RMSE 2.47 and 6.36 kcal /mol, respectively), but these are
not significantly different from the errors of the DFT calculations (0.92 and 5.98 kcal/mol)
that this method has been trained to reproduce. It is also noteworthy that the interac-
tion energies in this dataset are an order of magnitude larger than in the smaller systems.
Both AIQM1 and QD-7 are unable to accurately describe the interaction energies in the
larger systems, with errors of 19.5 and 62.4 kcal/mol in the S12L dataset.

This brief analysis demonstrates that, in addition to their limited coverage of chemical
space, both AIQM1 and QD-7 are substantially less accurate than PM6-ML and are not

transferable to larger molecular systems.

3.3 Validation: Non-Covalent Interactions

Due to their importance in all large molecular systems, non-covalent interactions are a

key target of the PM6-ML method. They are well represented in the training set, and
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Figure 1: Comparison of PM6-ML to the earlier SQM A-ML methods, AIQM1 and QD-
m, and to the wB97M-D3BJ DFT calculations used for training PM6-ML. Subsets of
the validation datasets containing only H, C, N and O elements were used. RMSE in
kcal/mol.

PM6-ML is expected to provide significant improvement over the empirical corrections
previously used with SQM methods.

Small non-covalent complexes. First, we analyze non-covalent interactions in
smaller complexes, similar in size to the systems used in the training. Here, we take ad-
vantage of the NCIAtlas database, which comprises datasets representing separate classes
of non-covalent interactions, providing further insight into the results. Additionally, these
datasets feature reference data computed at a true benchmark level, CCSD(T)/CBS. The
errors of the tested methods are plotted in Figure 2 and listed in Table S2 in the Sup-
porting Information. The error averaged over the six NCIAtlas datasets is also listed it
Table 4.

PM6-ML is unquestionably the best-performing method in this test. Not only does it
yield the lowest error on average (RMSE averaged over the six datasets is 0.90 kcal /mol),
but it also provides the best result in each of them. It is followed by AIMNet2 (avg. RMSE
1.65 kcal/mol) with consistently good results in all the datasets, TorchMD-NET/ET
(avg. RMSE 1.96 kcal/mol), and GFN2-xTB (avg. RMSE 1.96 kcal/mol). All the SQM
methods have some weak points, most often in the description of o-hole interactions
(SH250 set), repulsive contacts (R739), and ionic hydrogen bonds (IHB100). Among

them, GFN2-xTB performs the best, with only the IHB100 set standing out with an
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error of 3.9 kcal/mol. The standalone ML potentials generally perform better than the
SQM methods, with the exception of the very large error of MACE-OFF23 in the SH250
dataset (7.3 kcal/mol), which is likely caused by the lack of relevant systems in its training
set.

In these validation sets, PM6-ML benefits from having similar systems in the training
set. This is also the reason why the TorchkMD-NET/ET ML potential, trained on the
same data, yields relatively small errors. On the other hand, it is clearly visible in
the results that despite this, TorchMD-NET/ET performs worse specifically in the more
exotic interactions (o-hole bonds, hydrogen bonds involving heavier elements), which are
represented more sparsely in the training set. The better description of these in PM6-ML
indicates that it is the synergy of the SQM physics with the ML correction that enables
higher accuracy with the same training data.

However, the analysis of the NCIAtlas datasets demonstrates only the accuracy that
can be reached under very favorable conditions, i.e., in systems of similar size to those in
the training set. It tests the ability of the models to interpolate the chemical space, but
not their ability to extrapolate to larger molecular systems.

Table 4: Root mean square errors of the tested methods, in kcal/mol, averaged over
the six NCIAtlas validation sets, non-covalent interactions in large systems (L7 and S121
datasets) and datasets of conformation energies (MPCONF196, SCONF, Amino20x4).
Three best results in each column (neglecting the DFT) are highlighted.

¢ Excluding the IHB100 dataset.

Method NCIAtlas NCI/Large Conformers
PM6 3.66 17.94 3.45
PM6-D3H4X” 2.80 4.47 4.04
PM7 3.22 11.41 3.37
GFN2-xTB 1.96 2.71 2.00
PM6-ML 0.90 4.42 0.77
TorchMD-NET/ET 1.96 17.06 1.05
AIMNet2 1.65 40.57 1.23
MACE-OFF23 2.38¢ 7.34 0.71
wBI7TM-D3BJ 0.38 3.45 0.40

Large non-covalent complexes. Since the intended application of all the studied
methods is larger systems, it is necessary to validate their transferability from small model

complexes to larger ones where long-range interactions become more important. To do
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Figure 2: Errors of the tested methods in the validation subset of the Non-Covalent
Interactions Atlas datasets. Root mean square error of interaction energies in kcal /mol.
MACE-OFF23 is not applicable to the IHB100 dataset.

so, we employ several datasets where quality benchmarks (DPLNO-CCSD(T)) are still
available. The L7 and S12L are datasets of larger non-covalent complexes with emphasis
on 7-7 stacking. The PLA15 set features even larger models of protein-ligand complexes
(15 ligands with surrounding amino acid residues extracted from an experimental struc-
ture of the complex). The pairwise interactions in this dataset form the PLF547 set,
which we include here as well. The results are summarized in Figure 3 and listed in the
Supporting Information, Table S3. Additionally, the average of the RMSE in the L7 and
S12L sets is reported in Table 4 (PLA15 results are not available for all the methods).

Among the SQM methods, PM6 and PM7 yield very large errors, and the corrections
in PM6-D3H4X’ bring them down to an acceptable level, with an average RMSE of 4.5
kcal/mol in the L7 and S12L sets. GFN2-xTB performs excellently here with an RMSE
of 2.7 keal/mol but fails to converge in some of the PLA15 systems.

This test is much more challenging for the ML potentials. Our version of TorchMD-
NET/ET, which lacks the description of long-range interactions, yields large errors in-
creasing with the size of the system, up to an RMSE of 52 kcal/mol in the PLA15 set. It
is more surprising that the AIMNet2 method does not perform better here, as it includes
separate terms for long-range electrostatics and dispersion. Despite this, it exhibits the
largest errors, with an RMSE of 65 kcal/mol in the S12L set (where the average inter-

action energy at the benchmark level is 41 kcal/mol, which translates to a relative error
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of 160%). Interestingly, it also yields a large error in the PLA15 dataset (RMSE of 43
kecal/mol, which amounts to 25% of the average interaction energy in the set), while all
the smaller fragments these systems comprise of, in the PLF547 dataset, are described
much better, with the worst error in the subset of charged-charged species interactions
having an RMSE of 1.5 kcal/mol, which translates to only 2.3% of the interaction en-
ergies there. Apparently, the model is able to describe smaller systems well but fails to
scale to the larger ones. The only pure ML potential that performs better here is the
MACE-OFF23 method, which yields an average RMSE of 7.3 kcal/mol in the L7 and
S12L sets. It is, however, not applicable to charged systems, so it cannot be tested in the
even larger complexes of the PLA15 set. The MACE-OFF23 potential does not include
any explicit treatment of long-range interactions, but its training set was extended with
a set of larger systems, which is likely the reason why it performs better.

The PM6-ML method works well here, with RMSEs of 2.47, 6.36, and 4.78 kcal /mol in
the L7, S12L, and PLA15 sets, respectively. These results should be viewed in the context
of the accuracy of the DFT on which the method is trained, which yields RMSEs of 0.92
and 5.98 kcal/mol in the L7 and S12L sets. The excellent result in PLA15 (where the
relative error is only 2.9%) clearly demonstrates the transferability of the method to large
systems and its ability to handle the strong long-range interactions present there. The
advantage of the A-ML approach is that these interactions are handled independently
at the SQM level, and the ML part of the potential is not forced to extrapolate into a
territory not covered by the smaller systems used in training. Further tests in even larger

protein-ligand complexes are discussed below.

3.4 Validation: Conformations and Torsions

Another quantity important in applications to large molecules is the relative energy of
different conformers. This is a well-known weak point of all SQM methods that has not
been satisfactorily addressed yet. In larger molecules, the conformation energies result
from the interplay of non-covalent interactions, including repulsion defining the steric

limits at short range, with the energetics of the torsions defined by the electronic structure
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Figure 3: FErrors of the tested methods in benchmark datasets of large non-covalent
complexes. Root mean square error of interaction energies in kcal/mol. MACE-OFF23
is not applicable to the PLA15 and PLF547 datasets.

of the molecule. While the former can be addressed by corrections for non-covalent
interactions, the description of the torsions is severely limited by the approximations
inherent to the SQM methods, and there is no satisfactory solution to it. On the other
hand, the latter contribution is localized to only a few atoms around each chemical bond,
which makes it a good target for ML potentials.

In this paper, we examine the conformation energies in three benchmark datasets:
MPCONF196, which comprises peptides and peptidic macrocycles,®> SCONF, which
represents sugars,?’ and Amino20x4, which covers selected conformers of the 20 bio-
genic amino acids.#? The results are plotted in Figure 4 and listed in Table S4 in the
Supporting information. It is clear that SQM methods do not yield very good results
here. In particular, the sugar conformers in the SCONF dataset are very challenging,
with the lowest RMSE achieved by GFN2-xTB being as high as 2.59 kcal/mol, which
corresponds to 56% in relative terms. Similarly, in the MPCONF196 and Amino20x4
sets, GFN2-xTB performs the best among the SQM methods, but even these results are
not very good. Its error averaged over the three datasets is 2.00 kcal/mol (see Table 4).
It is, however, a significantly better result than that of the next method, PM7, which has
an average RMSE of 3.37 kcal/mol.

On the other hand, these benchmarks are relatively easy for all the ML potentials

tested. The results are consistently very good, with none of the ML potentials performing
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worse than the best SQM method. Among the three methods, MACE-OFF23 performs
the best, with an RMSE under 0.9 kcal/mol in all the datasets, and an average of 0.71
kcal/mol. Apparently, the conformer energetics are easy to learn, and the training data
provide enough information for that. The same applies to the application of ML to
correcting the SQM calculation in PM6-ML. It performs consistently well in all three
datasets, with an average RMSE of 0.77 kcal /mol. However, even here, PM6-ML benefits
from the synergy of SQM and ML, as the standalone TorchMD-NET /ET model does not
perform as well, with an average RMSE of 1.05 kcal/mol.

The effect of the energetics of torsions can be isolated using the Torsions dataset,
which features torsional profiles of 62 bonds in model drug-like molecules.#* There, the
best SQM result is again obtained with GFN2-xTB, which has an RMSE of 0.93 kcal /mol.
The best ML method is MACE-OFF23, with an RMSE of 0.29 kcal /mol, while PM6-ML
yields an error of 0.36 kcal/mol. It should be noted that these results already approach
the accuracy of the DFT used in the training of these methods, with respect to the
CCSD(T) benchmark, which has an RMSE of 0.18 kcal/mol.
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Figure 4: Errors of the tested methods in benchmark datasets of conformation energies
and torsional profiles. Root mean square error of the relative energies in kcal/mol.

More importantly, this dataset provides additional insight into the phenomena when
the torsional profiles are plotted. Two samples from the dataset are shown in Figure 5,
and all the plots are available in the Supporting Information as Figure S1. It is clear

that, in some cases, such as those shown here, PM6-D3H4X’ describes the potential
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qualitatively incorrectly, with missing barriers and artificial minima. The ML correction
in PM6-ML is able to eliminate all these issues, and the resulting potential matches the
benchmark almost perfectly. It is also important to note that this excellent result is
achieved without reference data systematically sampling torsions in the training set —

this information is recovered by the model from randomly sampled conformers only.
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Figure 5: Examples of the torsional plots for 4-methyl-pentene (left) and biphenyl (right)
computed with PM6-ML (red) and PM6-D3H4X’ (blue), in comparison to the CCSD(T)
benchmark (black).

3.5 Application to Protein—Ligand Complexes

The final test closely simulates the intended application to large biomolecular systems,
specifically the evaluation of protein-ligand interactions. We take advantage of the PL-
REX dataset we developed earlier,™ which features DFT interaction energies in 164
models comprising the ligand and the surrounding part of the protein with ~ 1000 atoms.
Out of these, we use the 136 systems without zinc ions in this study.

The reference energies were computed using a DFT functional similar to the one used
to train PM6-ML, wB97X-D3BJ, but with a smaller basis set, DZVP-DFT.3¥ Never-
theless, our previous results suggest that this basis set reproduces well the interaction
energies obtained with a larger, triple-¢ basis set,3? which makes the PL-REX DFT re-
sults a suitable reference. Furthermore, we omit the 3-body term in the D3 correction
used in PM6-ML because the wB97X-D3BJ reference data do not include it either.

We compare PM6-ML with PM6-D3H4X’, which we have already applied success-

fully to scoring protein-ligand interactions,** and with two ML potentials applicable to

22

https://doi.org/10.26434/chemrxiv-2024-3nwwv-v2 ORCID: https://orcid.org/0000-0001-6849-7314 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-3nwwv-v2
https://orcid.org/0000-0001-6849-7314
https://creativecommons.org/licenses/by-nc-nd/4.0/

the chemical space spanned by the ligands, AIMNet2 and TorchMD-NET/ET (MACE-
OFF23 is applicable only to neutral molecules). The key results are summarized in Table
5 and the individual data points are plotted in Fig. 6.

Table 5: Correlation and error of PM6-ML and other tested methods compared to the
DFT reference, evaluated on 136 large models of protein-ligand complexes from the PL-
REX dataset. The relative error is expressed as a percentage of the RMSE with respect
to the average magnitude of the interaction energy in the set.

Method R? RMSE, kcal/mol RMSE, relative
PM6-ML 0.990 8.1 7.2%
PM6-D3H4X’ 0.985 8.4 7.4%
AIMNet2 0.821 84.0 74.7%
TorchMD-NET/ET 0.311 48.9 43.5%
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Figure 6: Plot of interaction energies obtained with PM6-ML and other tested methods
against the DF'T reference. The dots represent the 136 large models of protein-ligand
complexes from the PL-REX dataset.

Both PM6-ML and PM6-D3H4X’ reproduce the DFT results with a high degree of
accuracy, with an RMSE of approximately 8 kcal/mol (equivalent to a relative error of
approximately 7%, given the magnitude of the interaction energies). PM6-ML displays
a slight advantage in this regard, however, the difference is inconsequential given that

the reference DF'T results themselves are subject to a non-negligible uncertainty due to
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the utilisation of a relatively small basis set. A comparison of these two methods against
more accurate benchmark is available in smaller systems of the same kind, namely the
PLA15 dataset discussed above in Section 3.3. There, PM6-ML is clearly shown to be
superior to PM6-D3H4X’. The principal conclusion to be drawn from the results in the
PL-REX set is that PM6-ML maintains its high level of performance even when applied
to significantly larger systems.

Both ML-only potentials are unable to adequately address this transition. It is un-
surprising that the TorchtMD-NET/ET potential is ineffective in this context. It is a
simplified model that lacks the capacity to describe long-range effects, which manifests
as a systematic bias towards weaker interaction energies. Additionally, a group of outliers
is evident in Fig. 6, comprising all complexes of the BACE1 protein. The underlying cause
of this discrepancy remains unclear. In contrast, the suboptimal performance of AIM-
Net2 is unexpected. This potential incorporates a physics-based description of long-range
interactions (including both electrostatics and dispersion), suggesting that the observed
large errors and systematic shift towards more positive interaction energies can be at-
tributed to the parametrization, rather than the form, of the model. It is probable that
including terms covering long-range effects is insufficient for developing a scalable model

when the training set comprises only smaller systems.

4 Conclusions

The results presented in this paper show that the PM6-ML method, a A-ML approach
based on efficient semiempirical QM calculations and a modern ML potential, has unique
features that none of these components can currently achieve on their own. Although the
accuracy of SQM methods has recently improved, it is now reaching the limits imposed
by the fundamental approximations these methods are based on. On the other hand, even
the best general ML potentials are limited by the scope of their training data more than
methods that include parameter-free physically sound components. This is demonstrated

not only by the ML methods’ failure to describe larger molecular systems where long-
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range interactions play an important role but also by other benchmarks discussed here.

PM6-ML addresses the most severe issue of existing SQM methods, the poor de-
scription of conformation energies of flexible molecules, and improves the accuracy of
non-covalent interaction energies beyond what was achievable with the empirical correc-
tions used previously. Compared to previous A-ML SQM methods, PM6-ML covers a
much wider chemical space, enabling its application to real-world chemical problems. In
this paper, we demonstrate its applicability to the study of protein-ligand interactions,
where it achieves excellent accuracy.

The implementation of PM6-ML is freely available and includes a direct interface to
MOPAC, the most widely used software for SQM calculations. This should facilitate its
adoption in all cases where traditional SQM methods have been used.

The PM6-ML method presented here is, however, only the first step in its develop-
ment. We are already working on extending its training set to include additional chemical
elements and to cover other quantities and phenomena beyond those discussed in this pa-

per.

5 Data and Code Availability

The trained models of both the PM6-ML correction and the standalone TorchMD-
NET/ET potential used in this paper, as well as the wrapper enabling the PM6-ML
calculations in MOPAC are available for download from a GitHub repository https:
//github.com/Honza-R/mopac-ml. The modified MOPAC code with the correspond-
ing interface is available at https://github.com/Honza-R/mopac/tree/pm6-ml. Addi-
tionally, the PM6-ML calculations can be also carried out using an unmodified version
of MOPAC interfaced to the Cuby framework, as described on the Cuby website at

http://cuby4.molecular.cz/interface_torchmdnet.html.
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