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ABSTRACT

Cryo-EM and X-ray crystallography provide crucial experimental data for obtaining
atomic-detail models of biomacromolecules. Refining these models relies on library-
based stereochemical restraints, which, in addition to being limited to known chemical
entities, do not include meaningful noncovalent interactions relying solely on nonbonded
repulsions. Quantum mechanical (QM) calculations could alleviate these issues but are
too expensive for large molecules. We present a novel Al-enabled Quantum Refinement
(AQuaRef) based on AIMNet2 neural network potential mimicking QM at substantially
lower computational costs. By refining 41 cryo-EM and 30 X-ray structures, we show that
this approach yields atomic models with superior geometric quality compared to standard

techniques, while maintaining an equal or better fit to experimental data.

INTRODUCTION

While advances in predictive modeling, such as AlphaFold3! or RoseTTAFold23, have
provided powerful tools for structural biology, they remain limited while experimental
methods, including protein crystallography and cryo-EM, are still cornerstones of
structural biology and drug development?. Experimental data allow for the discovery of
new structures emerging in life evolution, potentially exhibiting previously unseen
features. These discoveries require unbiased information provided by experiments to
explore the unknown2 Atomic model refinement is a crucial near-final stage in
crystallographic or cryo-EM structure determination aimed at producing molecular models
that meet standard validation criteria while optimally fitting the experimental data®.
Refinement heavily relies on stereochemical restraints to maintain the correct geometry
of the atomic model while fitting to the experimental data’. These restraints originate from
standard libraries that tabulate the topology and parameters of known chemical entities&:2,
which are universally employed across popular software packages, such as CCP412 and

PhenixiL,

The limitations of library-based restraints are manifold. Firstly, they only include terms for
maintaining covalent bond lengths, bond angles, torsion angles, planes and chirality while

preventing clashes through non-bonded repulsion'2. However, it has been demonstrated
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that at low resolution, these restraints are insufficient to maintain realistic, chemically
meaningful macromolecular geometries, making it essential to include additional
restraints on protein main chain ¢/y angles, side chain torsion x angles, as well as
hydrogen bond parameters and 1r-stacking interactions to stabilize protein or nucleic acid
secondary structure'?=*8, These additional restraints cannot be reliably inferred from the
atomic model alone and thus require manual error-prone annotation and curation using
additional sources of information, such as homologous high-resolution models. Secondly,
library-based restraints parametrize only known chemical entities, such as standard
amino and nucleic acids as well as previously defined ligands. Consequently, any
nonstandard entities or interactions, such as novel ligands or covalent cross-chain links,
require manual annotation and definition, without which refinement may fail to proceed
correctly or at all. Finally, deviations from standard covalent geometry due to local
chemical interactions are not uncommon?'®-21, While these deviations are valid, restraints

may interpret them as violations requiring ‘correction’.

The advantage of using simple restraints’ is the minimal computational cost they add to
the refinement workflow. A possible next step is to use a classical force field to account
for geometric elements??. However, these force fields have their own set of limitations:
they require parametrization for new chemical species and cannot distinguish between

chemically equivalent bonds in different chemical environments.

Quantum refinement is a fundamentally different approach, balancing the fitting to
experimental data with a term related to the quantum mechanical energy of the
system?324, It has been demonstrated that the entire atomic model can benefit from a full
QM treatment®>-27, Figure 1 presents a timeline showcasing the evolution of quantum
mechanics calculations for proteins, highlighting four key stages of progress and
advancements in technology and methodology. Traditionally, quantum refinements were
deemed impractical for macromolecules due to the computational requirements. Methods
often focused solely on the macromolecular region of interest, such as a ligand-binding
pocket or enzyme active site, while employing a classical approach for the rest of the
molecule®®?®, Numerous approaches and implementations have been reported over

time3°, with GPU-accelerated codes enabling QM calculations for peptides and small
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proteins of a few hundred atoms being one of the most prominent milestoness?.
Interaction-based model partitioning into chemically meaningful fragments3? solved the
scalability issue in quantum calculations?®, which in turn enabled the refinement of larger

proteins. However, this approach remained computationally demanding.
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Figure 1. Timeline illustrating the progression of quantum mechanics calculations applied
to proteins, emphasizing four critical stages marked by advancements in technology and

methodology.

Refinement of selected cryo-EM and X-ray atomic models across various resolutions
demonstrates the AQuaRef’s ability to produce atomic models with superior geometric
quality compared to conventional techniques while maintaining or improving agreement
with experimental data. This work represents the first example where machine learning
(ML) potentials have been adopted to perform quantum refinement of the entire protein,
in contrast with a recent approach where ML potentials have been combined with the
ONIOM-like QM/MM partitioning=e.
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RESULTS

Conceptually, quantum-based atomic model refinement is very similar to classic
refinement wherein atomic model parameters are iteratively adjusted in order to minimize
the residual, T = Tdata + W * Trestraints. Here, Tdata describes the fit of the model to the data

and Trestraints incorporates chemical restraints with an a-priori unknown weight, wi=l,

However, there are four fundamental differences. First, in QM refinement, restraints are
derived from quantum-mechanical calculations for the specific macromolecule in
consideration. Second, the requirements for the initial atomic model in QM refinement are
stricter compared to standard refinement: the atomic model must be correctly protonated,
atom-complete and free of severe geometric violations such as steric clashes or broken
covalent bonds?324, Third, while crystallographic software packages inherently account
for crystal symmetry, QM codes generally do not. Fourth, crystallographic software is
capable of handling static disorder that is modeled with alternative conformations,
whereas QM codes typically lack this capability. All these nuances specific to quantum
refinement (except handling static disorder, which is a current limitation) are addressed
in the Quantum Refinement package (Q|R)?326:27:40 which is being developed as part of
this work and provides the necessary procedures to enable quantum refinement within

the Phenix software.
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Figure 2. Computational scaling of the AIMNet2 neural network model in AQuaRef. Time
to compute energy and forces (left axis) and peak GPU memory usage (right axis) versus
the number of atoms in the system. Calculations are performed on a single Nvidia H100
PCIE 80GB GPU.

Conventional QM methods like density functional theory (DFT) for N-electron systems
require O(N?) storage and O(N?®) arithmetic operations. This O(N®) complexity is a critical
bottleneck that limits the ability to study large realistic biological systems like proteins.
Figure 2 shows the computational scaling of the AIMNet2 model, where both energy and
force calculations, as well as peak GPU memory usage, scale linearly (O(N)) with system
size. For a large protein system of 100,000 atoms, single-point energy and forces can be
computed in 0.5 seconds. Overall, an atomic model consisting of approximately 180,000

atoms can fit into the 80GB memory of a single NVIDIA H100 GPU.
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We tested the new quantum refinement procedure on 41 cryo-EM atomic models, 20 low-
resoluton and 10 very high-resolution X-ray atomic models. Standard
stereochemistry*42 and model-to-data fit criteria*3-4°, MolProbity validation tools*® along
with newly developed metrics to evaluate hydrogen bond quality'® were used to assess
the atomic models. Typically, the time needed for quantum refinement is about twice as
long as standard refinement, and often shorter than the standard refinement with
additional restraints such as the Ramachandran plot, secondary structure and side-chain
rotamer restraints*’-5°, Quantum refinement takes under 20 minutes in about 70% of
models considered in this work, with a maximum of about 1 hour (Supplementary Data:
Table 6). These computations can be performed on GPU-equipped laptops, with the only

limitation being available GPU memory.

Quantum refinement

The AQuaRef refinement procedure begins with a check for the completeness of the
atomic model, followed by the addition of any missing atoms. This may result in steric
clashes, particularly if the model was previously refined without hydrogen atoms. Models
with missing atoms that cannot be trivially added (e.g., missing main chain atoms) cannot
be used for quantum refinement. If clashes or other severe geometric violations are
detected, quick geometry regularization is performed using standard restraints, ensuring
that atoms move as little as necessary to resolve the clashes. For crystallographic
refinement, to account for interactions arising from crystallographic symmetry and
periodicity of unit cells, the model is expanded into a supercell by applying appropriate
space group symmetry operators?®. Subsequently, it is truncated to retain only parts of
the symmetry copies within a prescribed distance from atoms of the main copy“°. This
step is unnecessary for refinement against cryo-EM data. The atom-completed and
expanded model then undergoes the standard atomic model refinement protocol as

implemented in Q|R package?:.
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Figure 3. a-d: Summary of refinements of 41 low-resolution cryo-EM models and 20 low-
resolution X-ray models using standard stereochemistry (blue) and AQuaRef (orange)
restraints (Supplementary Data: Table 1). a: MolProbity score, Ramachandran plot Z-
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score, CaBLAM disfavored and r.m.s. deviation of refined model from initial model. b:
cross-correlation between experimental and model-generated maps (CCmask), and
EMRinger score for cryo-EM models. c: Riree and Rfee-Rwork for X-ray models
(Supplementary Data: Table 3). Green band indicates favored range of corresponding
values. d: skew-kurtosis plots for hydrogen bond parameters (Hydrogen(H)...Acceptor(A)
distances and Donor-H...A angles) for refinements using (left-to-right): standard
restraints; standard restraints with addition of Ramachandran plot, secondary-structure
and side-chain rotamer restraints; and AQuaRef restraints. e: r.m.s. deviations between
refined and high-resolution homology models, refinements using standard versus
AQuaRef restraints, calculated using matching Cartesian coordinates (blue, lower-left)
and matching torsion angles (red, upper-right) (Supplementary Data: Tables 2,4). f:
summary of mean values, for all test refined models: MolProbity score, Ramachandran
Z-score, CaBLAM outliers, r.m.s. deviation of matching torsion angles between refined
and high-resolution homologous models, as well as Rfree-Rwork and Riree for X-ray models
and CCmask and EMRinger score for cryo-EM models for refined models with standard
restraints (blue rhombi), standard restraints with addition of Ramachandran plot,
secondary-structure and side-chain rotamer restraints (blue circles); and AQuaRef

restraints (red stars). Red bars show standard deviations for starred values.

Application of the new refinement procedure to a set of deposited atomic models

To evaluate the performance of the new QM-based refinement, we refined 41 low-
resolution cryo-EM atomic models, 20 low-resolution and 10 ultra-high-resolution X-ray
atomic models, which contain only proteins. All selected 61 low-resolution atomic models
have high-resolution homologs, which were used as the ground truth for comparison
(Supplementary Data: Tables 2,4). Refinements were carried out using three sets of
restraints: QM restraints from AIMNet2 (AQuaRef refinement); standard restraints; and
standard restraints plus additional restraints on hydrogen bonds and angles involved in
maintaining secondary structure, main-chain ¢/y angles (Ramachandran plot restraints)

and side-chain torsion x angles (rotamer restraints).
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Overall, low-resolution atomic models after quantum refinement exhibit systematically
superior geometry quality compared to those obtained using standard restraints, as
indicated by their MolProbity scores®!, Ramachandran Z-scores®?, CaBLAM disfavored*®
(Fig. 3a), and skew-kurtosis plots for hydrogen bond parameters!® (Fig. 3d). They also
systematically deviate more from the initial coordinates. These atomic models
demonstrate a very similar fit to the experimental data (Fig. 3b,c), with slightly less data
overfitting for X-ray atomic models, as evidenced by a smaller Rwork-Rfree gap and similar
Riree®354. Since there is no equally efficient control over overfitting in cryo-EM as there is
with Riree in crystallography, the slightly lower cross-correlation between experimental and
model-calculated masked maps (CCmask)*® and essentially the same EMRinger scores®®,
together with significantly improved atomic model geometry, likely indicate a reduction in
overfitting. Augmenting standard restraints with secondary structure, Ramachandran plot
and side-chain rotamer restraints expectedly improves the geometry (Fig. 3d,f), yet using
AQuaRef still produces superior atomic model geometries. With a few exceptions, atomic
models refined with quantum restraints are systematically closer to their higher-resolution
homologs compared to those using standard restraints alone or complemented with
additional restraints (Fig. 3e,f). In some of the most remarkable cases, the local structure
obtained with AQuaRef restraints closely matches the high-resolution homologs and

differs from those obtained using standard restraints by up to two Angstroms (Fig. 4 a-c).

DISCUSSION

Here, we present AQuaRef, a novel approach to the quantum refinement of entire protein
structures, made possible by using ML-accelerated quantum mechanical calculations
with AIMNet2. For the first time, this allows for the refinement of full atomic models of
realistic protein structures using stereochemical restraints derived from quantum

mechanical calculations.

Test refinements using 61 low-resolution X-ray and cryo-EM atomic models show
systematic improvements in geometric validation criteria by using QM restraints while
maintaining a similar fit to the experimental data and reducing overfitting. The presence

of high-resolution homologous atomic models, which are expected to better represent the
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actual true structures than low-resolution atomic models, allowed us to assess whether
these improvements are associated with refined structures becoming closer to the true
ones. With a few exceptions, we find that atomic models refined with AQuaRef restraints
are systematically closer to their high-resolution matches. This indicates that QM-based
refined atomic models not only improve standard validation metrics but also provide more
realistic representations of the true structures compared to atomic models refined with
standard restraints. Expectedly, refining 10 very high-resolution atomic models did not
significantly alter the atomic coordinates but did lead to improved R-factors for all ten
models (Supplementary Data: Table 5). The most notable differences compared to
refinement with standard restraints were observed in the position of hydrogen atoms,
specifically those with rotational degrees of freedom (Fig. 4 d-g), where some of these
atoms reoriented during refinement to better fit the data and, at the same time, form
favorable hydrogen bonds. Another notable difference is the increased r.m.s. deviations
from ideal (library) bond and angle values in the case of AQuaRef refinement
(Supplementary Data: Table 5), which together with improved hydrogen positions is likely

to contribute to improved R-factors.

The method has been implemented in the quantum refinement software (Q|R), which is
built upon the CCTBX library®® and optionally utilizes tools from Phenix. Q|R is accessible
within Phenix, thereby making these methods readily available to the broader community

of structural biologists.

Currently, AQuaRef is trained using commonly known amino acid residues, which means
the method can only be applied to protein-only structures. Another main limitation is that,
at present, static disorder (alternate conformations) is not handled in Q|R. Removing both

limitations is the subject of future work.
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Figure 4. a-c: Close-up showing models refined with standard restraints (blue) and

AQuaRef restraints (orange) superposed onto their higher-resolution homologous models
(green) with their corresponding 2mFo-DFc Fourier maps contoured at 20; for PDB 5Y15,

8R1G, and 6XMX, respectively. d-g: Refinement with standard AQuaRef restraints
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(orange) overlaid with their corresponding 2mFo-DFc and mFo-DFc Fourier maps,
contoured at 50 (blue) and £20 (green, red), respectively (PDB 408H). The focus is on
hydrogen atoms with rotational degrees of freedom that re-orient during refinement with
AQuaRef restraints to satisfy the residual map and participate in hydrogen bonding.

METHODS
AIMNet2 training dataset and AQuaRef model

Since our goal was the parametrization of ML potential for polypeptides, our training
dataset needed to cover chemical (amino acid sequence and protonation states),
conformational, and intermolecular degrees of freedom. We began by creating a library
of small peptides as SMILES strings. We used all 20 standard amino acids, 11 alternate
protonation forms, three options for sequence start (ACE, NH3+, NH2), and four options
for the end (NME, NHE, CBX, CBA). We enumerated all possible mono- and di-peptides
and selected a random subset for tri- and tetra-peptides. Additionally, we generated
SMILES for peptides linked by the cysteine-cysteine disulfide bond and their selenium
counterparts. Molecular conformations were generated with OpenEye Omega®’ software
using dense torsion sampling. No restrictions were applied to the configurations of the
chiral centers, ensuring that the dataset and resulting model should work equally well for
D-, L-, and mixed stereochemistry peptides. Intermolecular interactions were modeled by
generating intermolecular complexes of 2 to 4 peptides with random orientations. No prior
knowledge of preferred types of secondary structure for polypeptides was used. To
manage the size of the dataset and the training process, we limited the size of peptides

and complexes to less than 120 atoms, including hydrogens.

Non-equilibrium conformations of peptides and complexes were sampled with molecular
dynamics simulations using the GFN-FF®8 force field. Cartesian restraints were added to
keep structures near the input structure, with random torsion and intermolecular degrees
of freedom. Molecular configurations for labeling (DFT calculations) and inclusion into the
training dataset were selected using Query-By-Committee active learning (AL)

approach®°. We started with a random selection of 500k samples, used an ensemble of
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4 models, and performed a total of 4 iterations of AL adding new samples with high
uncertainty of energy and atomic forces prediction. In the final iteration of AL, we
performed uncertainty-guided optimization of the structures, minimizing the weighted
difference of energy prediction and its uncertainty. This type of active sampling finds
structures that balance low predicted forces and high energy uncertainty. The entire
procedure resulted in a training dataset containing about one million samples, with a

median number of 42 atoms per sample.

DFT calculations were performed with the B97M-D4/def2-QZVP>°-62 method using ORCA
5.0.3 software®3. Since the Q|R does not use periodic boundary conditions, and usually
not all ions and solvent molecules are resolved in the refinement, we used implicit

treatment of solvent effects with CPCM®* method using parameters for water as solvent.

The core architecture of the AQuaRef model matches the base AIMNet2 model33, with
few modifications. First, we did not use explicit long-range Coulomb and dispersion
interactions, we trained to total DFT-D4 energy instead. With CPCM treatment, the
Coulomb term could not be estimated using interactions between partial atomic charges,
and also long-range interactions are effectively screened with a polarizable continuum.
Long range dispersion interactions beyond the local cutoff of 5 A have little effect on
atomic forces, which are important in Q|R refinement. We also added explicit short-range
exponential repulsion terms to make the potential more robust for the structures with
clashes. The model was trained to reproduce DFT-D4 energies, forces, and Hirshfeld

partial atomic charges.

Experimental data and atomic models for test cases

Protein-only, single-conformation high-to-low resolution X-ray crystallography and Cryo-
EM models, along with their corresponding experimental datasets, were selected from
RCSB and EMDB based on multiple criteria. These criteria include model size (between
1,000 and 10,000 non-hydrogen atoms), resolution (between 2.5 and 4 A), geometric
model quality (MolProbity clashscore better than 50, with no covalent bonds deviating by

more than 4 r.m.s.d. from ideal library values), goodness of fit between the model and the
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experimental data (Cryo-EM: CCmask > 0.6, X-ray: Rwork < 0.3), and the availability of a
higher-resolution (better than 2 A) homologous model (main chain superposition r.m.s.d.
<1 A, sequence identity greater than 95%) for each considered model. Additionally, 11
ultra-high resolution single-conformation X-ray models were selected that contained only

protein and ordered water atoms.

Comparison of models

All atoms were used to calculate coordinate r.m.s. deviations between models before and
after refinement, as shown in Figure 3a. Coordinate r.m.s. deviations between models
used for test refinements and their high-resolution homologues were calculated using the
Phenix tool phenix.superpose_pdbs, which included all non-hydrogen backbone atoms
plus CB and Cy atoms where present. R.m.s. deviations in torsion angle space were
calculated using CCTBX®¢, with matching torsion angles selected as described by Headd

et al.1s,

Atomic model preparation for refinement

Model preparation for refinement (e.g., adding any missing atoms) was done using
gr.finalise program of Q|R, which uses the Reduce program®® to add hydrogen atoms at
geometrically predicted positions. Model geometry regularization was done using the

Phenix tool phenix.geometry_minimization.

Model refinement

The exact same input models were used for all trial refinements. Real-space refinement
in Phenix was performed using the phenix.real_space_refine program*2. Four refinement
runs were performed independently, starting with the same input maps (cryo-EM) or
reflection data (X-ray) and models. The runs included: 1) standard restraints consisting

of restraints on bond lengths, bond angles, torsion angles, planes, chirality, and non-
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bonded repulsion; 2) standard restraints with the addition of secondary-structure
restraints; 3) standard restraints with the addition of Ramachandran plot restraints; and
4) standard restraints with the addition of secondary-structure and Ramachandran plot

restraints.

Quantum-based real- and reciprocal-space refinement was performed using the qr.refine
program of Q|R, using all default settings except for the source of QM restraints
(AQuaRef).

Reciprocal-space refinement in Phenix was performed using phenix.refine® with the

exact same four choices of restraints as in real-space refinement.

Software and availability

Phenix software is available at: phenix-online.org. Quantum refinement (Q|R) software is
available at grefine.com. AQuaRef refinement is available in Phenix starting dev-5395
version. CCTBX-based Python scripts and the data (atomic models, cryo-EM maps, X-

ray diffraction data) used in this study are available at: https://phenix-

online.org/phenix_data/afonine/qr_aimnet2 2024/. Refinement  parameters are

documented in README files, as well as in the Python scripts used to run the
refinements. Input data for deposited models were obtained from the Protein Data Bank®’
and Electron Microscopy Data Bank®®, either by using the Phenix tool phenix.fetch_pdb

or from the CERES server®°,

Graphics software

Map and model images were prepared using PyMOL . Routine inspection of maps and

models was performed using Coot’?. Plots were generated using Matplotlib’2.
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