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1. List of Available Input Parameters

Below, we provide the full list of parameters in the force matching input file, including default values
for optional parameters that need initialization. For ease of reference, we organize them in different
categories.

Trajectory sub-sampling

- stride: List of three integers [start, end, step]. Mandatory. It defines the starting snapshot, the final
snapshot, and the sampling frequency of the reference data to be used for the fitting.

Chemical Equivalence Definitions

- eg_atoms: Mandatory. Accepted values:

e 'use_atomtypes’, automatically determines equivalence from atom types



e 'eq_atoms_global’, followed by a list of tuples containing the (gromacs) indices of equivalent
atoms
e 'eq_atoms_local', followed by a dictionary containing molecule names and the list of
equivalent atoms in the molecule using

D-RESP Fitting Parameters
- wv: Float or list of floats. Mandatory. Weight for electrostatic potential fitting. It can be a single value
or list for grid search.
- we: Float or list of floats. Mandatory. Weight for electric field fitting. It can be a single value or list
for grid search.
- wh: Float or list of floats. Mandatory. Weight for Hirshfeld charge restraints. It can be a single value
or list for grid search.
- wq: Float. Optional. Weight for total charge constraint (default: 100,000).
- reference_charges: String of list of floats. The string 'ff_charges' instructs the code to use the original
force field charges. Alternatively, the user can provide a list of floats to manually set the reference
charges of the QM atoms following the internal mimicpy indices for the QM atoms. The internal
indices can be printed by performing a preliminary dry run of mimicpy, using the following
command: $mimicpy gminfo
- qm_total_charge: Float. Mandatory. Total charge constraint for QM region.
- num_bonds_away: Integer. Optional. Number of bonds away from boundary to include in charge
redistribution (default: 2).
- charge_group_constraints: Boolean. Optional. Enforce charge group constraints (default: True).
- fixed_charge_indices: List of integers. Optional. Atom indices with fixed charges (defaults: no fixed
charges).
- weights_to_fix_charges: Float. Optional. Weight to fix charges to original values (default: 100000.0).
Solvent Handling
- skip_solvent_optimization: Boolean. Optional. Skip optimization of solvent molecules (default:
True).
- solvent_resnames: List of strings. Optional. Residue names to treat as solvent.
- solvent_molecules: List of strings. Optional. Residue names to treat as solvent.
Bonded Parameter Optimization Controls
- optimize_bond_length: Boolean. Optional. Optimize equilibrium bond lengths (default: True).
- optimize_bond_force:Boolean. Optional. Optimize bond force constants (default: True).

- optimize_angle_value: Boolean. Optional. Optimize equilibrium angle values (default: True).



- optimize_angle_force: Boolean. Optional. Optimize angle force constants (default: True).
- optimize_dihedral_force: Boolean. Optional. Optimize dihedral force constants (default: True).
Excluded Interactions
- exclude_bonds: List of tuples. Optional. Atom pairs [(atom1, atom2), ...] to exclude from fitting.
- exclude_angles: List of tuples. Optional. Atom triplets [(atom1, atom2, atom3), ...] to exclude from
fitting.
- exclude_dihedrals: List of tuples. Optional. Atom quartets [(atom1, atom2, atom3, atom4), ...] to
exclude from fitting.
- exclude_hydrogen_bonds: Boolean. Optional. Exclude all bonds involving hydrogen (default: False).
- exclude_hydrogen_angles: Boolean. Optional. Exclude all angles involving hydrogen (default: False).
- exclude_hydrogen_dihedrals: Boolean. Optional. Exclude all dihedrals involving hydrogen (default:
False).
Regularization Settings
- regularization: Boolean. Optional. Enable L2 regularization (default: True).
- regularization_alpha: Float. Optional. L2 regularization strength a (default: 0.1).
Optimization Method Selection
- optimization_method: String. Optional. Accepted values: 'hierarchical’ or 'simultaneous’. It selects
the strategy to be used for the optimization of the bonded parameters (default: ‘hierarchical’).
Minimal example of an input file

stride: [50,1103,1]

wv: 1

we: 0.1

wh: 100

wq: 100000

eq_atoms: use_atomtypes

optimize_dihedral_force: False

reference_charges: ff_charges

optimization_method: hierarchical

2. Analytical Bonded Force Computations

We have implemented analytical expressions for the bonded forces and their derivatives with respect

to the fitting parameters. Below, we provide the expressions for the bond, angle and dihedral



potential energy functions we have considered. We have thoroughly validated our implementation
by comparing the values of the forces as computed in our MiMiCPy implementation with those
obtained directly from GROMACS. The current implementation is limited to the force fields listed

below; however, interested users can readily extend it by implementing additional expressions.

Bonds (gromacs bond function type 1):
V(ry)= (Ky/2) (ry-Ros)* (S1)
where rj is the distance between atoms i and j. Kj; and R ;; are the corresponding spring constant and
equilibrium length to be fitted.
Angles (gromacs angle function type 1)
V(03 = (Kijk/z)(eijk'eo,ijk)z (52)
where 0 is the angle between atoms i, j, and k. Kj and 0, are the corresponding spring constant
and equilibrium values to be fitted.
Dihedrals
For the dihedrals, we implemented two different expressions:
1) Ryckaert-Bellemans (gromacs dihedral function type 3):
V(i) = Cojijia + Cq,ij1acoS(@ijia-180°) + Cyj51acos? (@ijia-180°) + Cs550c083(ya-180°) +
Caijucos*(@i-180°) + Csjjacos®(@iu-180°)  (S3)
where ;g is the dihedral angle defined by atoms i, j, k, and L C through Csjq are the
corresponding Ryckaert-Bellemans coefficients to be fitted.
2) Periodic (gromacs dihedral function types 1, 4, 9):
V(i) = Kijua[1 + cos(n@ia - @oja)]  (S4)
where @y is the dihedral angle defined by atoms j, j, k, and I. Kjjq, @, are the corresponding
force constant and equilibrium values to be fitted. We note that the multiplicity n is not used

as a fitting parameter here, instead its value is kept equal to its original GAFF value.

3. Assessing the D-RESP and force fitting results

To assess the quality of the D-RESP and force fitting, the following three indicators are computed:

L 2
Zl:l ZﬁESR[ (‘/["; - Vﬁj}/IM)
L 2
p Z[iESRg (V;’;) (S5)

gy —


https://www.codecogs.com/eqnedit.php?latex=%20%20%5Csigma_V%20%3D%20%5Csqrt%7B%20%5Cfrac%7B%5Csum_%7Bl%3D1%7D%5EL%20%5Csum_%7B%5Cbeta%20%5Cin%20SR_l%7D%20%5Cleft(%20V_%7B%5Cbeta%20l%7D%5E%5Crho%20-%20V_%7B%5Cbeta%20l%7D%5E%7BMM%7D%20%5Cright)%5E2%7D%7B%5Csum_%7Bl%3D1%7D%5EL%20%5Csum_%7B%5Cbeta%20%5Cin%20SR_l%7D%20%5Cleft(%20V_%7B%5Cbeta%20l%7D%5E%5Crho%20%5Cright)%5E2%7D%7D%20#0

L IM |2
Dot Dopesr, B — B
L 2
Zl:l ZBESRl |Egl| (56)

I T2
21:1 Z,BeQM ‘Fgl B Fgl[M
L P |2
Yol Yaeqn [Fhil (S7)

O —

oy respectively measure the deviation of the fitted electrostatic potential, electrostatic field and
forces from the reference values, across the training set, following ref™.

The three standard deviations are reported in the fm. log file generated by mimicpy, labeled as
SDV,E,F-

4. Acetone in water
QM/MM simulations

The setup and protocol used to generate the reference QM /MM data of acetone in water is described
in detail in the online MiMiC acetone tutorial (mimic-
project.org/en/latest/tutorials/acetone tutorial.html). Specifically, we ran 24 ps of production NVT
QM/MM MD at T=300 K, from which we extracted 2,000 snapshots (one every 50 steps). Last 1000
snapshots were used for the force matching.

For reproducibility, all the input files used to generate the reference data can be found in the Zenodo
repository associated with this paper (https://doi.org/10.5281/zenodo.17975944).

Force matching
The FM parameters have been generated using the following MiMiCPy command:

$mimicpy fm -top acetone.top -fmdata FMTRAJECTORY.h5 -fi fminput.dat -mdp
mimic.mdp -trr mimic_traj.trr -ndx index.ndx -coords acetone.gro -sele sele.dat \
-gmx gmx_mpi_d -n_processes 12

All the input files can be found in the Zenodo repository associated with this paper
(https://doi.org/10.5281/zenodo.17975944).

Figure S1 reports the definition of the different types of atoms, bonds, angles and dihedrals of
acetone. Tables S1-S4 report a comparison between a reference parametrization and the parameters
obtained using our MiMiCPy-FM protocol. Following the AMBER protocol for non-standard residue
parametrization?, the atomic charges for the reference parametrization were RESP charges obtained
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by fitting them to the electrostatic potential of the acetone molecule in vacuum calculated at the
B3LYP/6-31G* DFT level using the Gaussian09 program?. All remaining force-field parameters were
taken from the GAFF force field*. As can be seen, the main difference is in electrostatics (Table S1). In
particular, we observe an increase of the net charge of oxygen, owing to solvent polarization effects.
The bonded parameters remain basically unchanged (Table S2-54).

Figure S1: Schematic representation of the acetone molecule showing the atom type assignments (H,
C3, G, 0), bond types (C3-H, C3-C, C-0), angle types (H-C3-C, C3-C-C3, H-C3-H, C3-C-0), and dihedral
types (H-C3-C-0, C3-C3-C-0) used in the force matching procedure. The schematics is used to define
the force field parameters reported in Tables S1-54.

Classical simulations using FM parameters

We used the MiMiCPy-FM parameters to perform classical MD simulations in GROMACS®. The
equations of motion were integrated with a time step of 2 fs. Temperature was controlled using the
velocity-rescaling thermostat (Bussi-Donadio-Parrinello®) with a time constant of 0.1 ps, while
pressure was maintained at 1.0 bar with the Berendsen barostat’ using a time constant of 2.0 ps.
Long-range electrostatic interactions were treated with the Particle Mesh Ewald (PME) method,
using a real-space cutoff of 1.2 nm, while van der Waals interactions were truncated at 1.2 nm using
a force-switch modifier starting at 1.0 nm. The following protocol was used: a single acetone molecule
was solvated in a box of side 2.5 nm using TIP3P water molecules; the geometry was optimized using
the steepest descent algorithm with a force threshold of 100.0 k]J/mol/nm; the system was
equilibrated in the NVT ensemble for 10 ns at 300 K; (iv) a 500 ns NPT simulation was performed
using the same setup. Three independent NPT production runs have been performed following this
protocol. All replicas lead to quantitatively similar results.

In Figs. S2-S4, we compare the distributions of the acetone bond lengths, angles and dihedrals
obtained in the reference QM/MM MD simulations, in FM force field-based MD, and in GAFF-based
MD simulations. Overall, both the GAFF and FM parameterizations reproduce the reference QM /MM
MD results reasonably well. Notably, the FM parameterization is able to better reproduce the
QM/MM C-0 bond length distribution (Fig. S2i). In Fig. S5, we report the oxygen-oxygen and oxygen-
hydrogen radial distribution functions between water molecules and the carbonyl oxygen of acetone.
As it can be seen, both GAFF and FM parameterization reproduce the QM/MM OH RDF quite well (Fig.
S5a). The FM parameterization leads to a more pronounced dip at 0.3 nm, following the main peak in
the OO RDF, accompanied by an increase in probability at ~0.45 nm. This is likely due to the larger
electrostatic repulsion following the increase of the carbonyl oxygen point charge when going from
GAFF to FM parameterization (see last row in Table S1).


https://www.zotero.org/google-docs/?MkYwji
https://www.zotero.org/google-docs/?XkxTaA
https://www.zotero.org/google-docs/?pFMXBs
https://www.zotero.org/google-docs/?2V3cIT
https://www.zotero.org/google-docs/?zl5xqc

Atom type MiMiCPy-FM GAFF
H 0.134763 0.1216
C3 -0.430329 -0.4767
C 0.831756 0.8102
o -0.779672 -0.5864

Table S1: Point charges. The D-RESP charges (units of e) obtained from MiMiCPy-FM and the point

charges of the GAFF parameterization in vacuum.

MiMiCPy-FM GAFF
Bond K R() K R()
C3-H 2.80887E+05 1.09924E-01 2.8225E+05 1.0920E-01
C3-C 2.70480E+05 1.51277E-01 2.7472E+05 1.5080E-01
C-0 5.41315E+05 1.24656E-01 5.4225E+05 1.2140E-01

Table S2: Bond parameters. Spring constant K (KJmol'nm?) and equilibrium angle Ry (nm) - as

defined in equation (S1) - obtained from MiMiCPy-FM, and those from the GAFF parameterization in
vacuum.

MiMiCPy-FM GAFF
Angle K 6o K 6o
H-C3-C 3.92112E+02 108.312 3.9497E+02 109.68
C3-C-C3 5.24716E+02 117.954 5.2551E+02 116.05




H-C3-H 3.26975E+02 106.342 3.2970E+02 108.35

C3-C-0 5.67911E+02 122.200 5.6902E+02 123.11

Table S3: Angle parameters. Spring constant K (KJmol'rad?) and equilibrium angle 6, (deg) - as
defined in equation (S2) - obtained from MiMiCPy-FM, and those from the GAFF parameterization in
vacuum.



MiMiCPy-FM GAFF

Dihed Co C,; C, Cs C, Cs Co C,; C, Cs C, Cs
ral
H-C3- | 3.681 - 0.0 1.338 0.0 0.0 3.681 - 0.0 1.338 0.0 0.0
Cc-0 92 4.353 8 92 4.351 8
27 36
C3- 87.86 0.0 - 0.0 0.0 0.0 87.86 0.0 - 0.0 0.0 0.0
C3-C- 4 88.02 4 87.86
0 37 4

Table S4: Dihedral parameters. The Ryckaert-Bellemans coefficients Cy.5 (KJmol!) - defined in equation (S3) - obtained from MiMiCPy-FM,
and those from the GAFF parameterization in vacuum.
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Figure S2: Distribution of covalent bond lengths of acetone obtained from MiMiC QM/MM MD simulations

(blue), FM force field MD (green), and GAFF MD (red). Vertical lines indicat

e average values. Results were

obtained from trajectories of equal duration, from which an identical number of samples were extracted,

ensuring the same statistical basis across the three different simulations.
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Figure S3: Distribution of angles of acetone obtained from MiMiC QM/MM MD simulations (blue), FM force
field MD (green), and GAFF MD (red). Vertical lines indicate average values. Results were obtained from
trajectories of equal duration, from which an identical number of samples were extracted, ensuring the same
statistical basis across the three different simulations.
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Figure S4: Distribution of dihedrals of acetone obtained from MiMiC QM/MM MD simulations (blue), FM
force field MD (green), and GAFF MD (red). Vertical lines indicate average values. Results were obtained from
trajectories of equal duration, from which an identical number of samples were extracted, ensuring the same
statistical basis across the three different simulations.
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Figure S5: Radial distribution functions (RDFs) characterizing solvation structure around the carbonyl
oxygen of acetone in aqueous solution. (a) RDF between the acetone oxygen and water hydrogen atoms. (b)
RDF between the acetone and water oxygen atoms.



5. QM/MM calculations on R132H Isocitrate dehydrogenase 1 (IDH1)

We summarize here the QM/MM calculations performed on R132H IDH1, reported in ref 8 The starting
model was based on the R132H mutant IDH1 homodimeric structure (PDB ID: 3INM), which contains Ca**
ions in the active sites of each subunit, the a-ketoglutarate (aKG) substrate, and the NADPH cofactor®. To
reproduce physiological conditions, the Ca®* ions were replaced with Mg®* ions, and the missing N- and C-
terminal residues (Metl-Lys4 and Ala410-Leu414) were added using the Modeller progra'®. QM/MM
simulations were performed with the MiMiC code®’, which interfaced CPMD 4.3%'% with GROMACS
2019.4"°, The QM region included aKG, Mg?*, the nicotinamide ring of NADPH, a water molecule bridging
the NADPH ribose and the y-carboxylate of aKG, and residues surrounding both the a-carboxylate of aKG
and Mg?* (Arg100/109, His132, Tyr139, Lys212', Asp252/275/279). Additionally, two water molecules
coordinating Mg®* and residues involved in binding the y-carboxylate of aKG (Thr77/75/214', Ser94) were
included. The remaining atoms were described at the MM level using the Amber99sb*-ildn force field', the
TIP3P water mode'®, and literature parameters for NADP'6, The QM/MM MD protocol consisted of three
main stages: minimization, equilibration, and production. During the minimization stage, MM hydrogen
atoms were first minimized using the steepest descent algorithm. Subsequently, MM water molecules and
sodium ions were minimized for 100 ps while gradually heating the system from 0 to 300 K. Finally, a
simulated annealing step was performed to cool the system back to 0 K. The active sites of the two subunits
were alternately treated at the QM level, while the Mg®* coordination sphere (aKG, Asp252/275/279, and
the two coordinating water molecules) in the opposite subunit was kept constrained. During the
equilibration stage, the system was heated to 300 K, again alternating QM treatment between the two active
sites while constraining the other. After heating, NVT and NPT simulations were performed, initially applying
position restraints to all non-hydrogen atoms, followed by an additional 500 ns of NPT simulation without
restraints. Distance restraints were maintained using PLUMED version 2.8'7:'8 preserving the aKG-Mg**
coordination bond as well as interactions between the bridging water molecule, the NADPH ribose, and the

y-carboxylate of aKG.
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Figure S6. Overlap among the active sites of the three replicas (from dark blue to light blue going from R#1
to R#3) at the end of the dynamics and of the last QM/MM MD snapshot of ref. 8 (in red). The entire QM

region of ref. & is shown, without hydrogen atoms. Water molecules have been hidden for clarity.
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