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ABSTRACT: Rare-earth metals (REMs) are crucial for many important . ---Polarizable Molecular Mechanics
industries, such as power generation and storage, in addition to cancer treatment | "N —Quantum Mechanics

and medical imaging. One promising new REM refinement approach involves lng < & oot
mimicking the highly selective and efficient binding of REMs observed in relatively ¢ N '

recently discovered proteins. However, realizing any such bioinspired approach % B o =§'

requires an understanding of the biological recognition mechanisms. Here, we § \\‘\.\_‘__‘.__ _.__*__‘4,,_..4-—-0—-"-"“l
developed a new classical polarizable force field based on the AMOEBA framework £ o h};@

for modeling a lanthanum ion (La®*) interacting with water, acetate, and
acetamide, which have been found to coordinate the ion in proteins. The
parameters were derived by comparing to high-level ab initio quantum mechanical
(QM) calculations that include relativistic effects. The AMOEBA model, with advanced atomic multipoles and electronic
polarization, is successful in capturing both the QM distance-dependent La*'—ligand interaction energies and experimental
hydration free energy. A new scheme for pairwise polarization damping (POLPAIR) was developed to describe the polarization
energy in La®* interactions with both charged and neutral ligands. Simulations of La®* in water showed water coordination numbers
and ion—water distances consistent with previous experimental and theoretical findings. Water residence time analysis revealed both
fast and slow kinetics in water exchange around the ion. This new model will allow investigation of fully solvated lanthanum ion—
protein systems using GPU-accelerated dynamics simulations to gain insights on binding selectivity, which may be applied to the
design of synthetic analogues.

Las3*... Ligand (O) Distance

B INTRODUCTION lanthanum and ligands inspired by biological systems recently
observed to bind REMs with remarkable effectiveness.
Previously, REMs were thought to be nonessential in biology,
even if some organisms were able to bind them.' Protein—REM
binding studies were done by replacing the s- and d-block metals
in metal-binding proteins with REMs."” The proteins could
often still accommodate the larger REM ions but did not bind
the REMs specifically. Instead, proteins would take up the other
ions in solution, such as calcium." In 2011, it was discovered that
some methylotrophic bacteria use REM ions in pyrroloquinoline
quinone (PQQ)-dependent alcohol dehydrogenases (ADHs)."
In 2014, a thermoacidophilic methanotroph (Methylacidiphilum
fumariolicum SolV), which requires REMs to survive, was found
in a volcanic mudpot by Pol et al.* In 2018, an enzyme from the
methylotrophic bacteria Methylobacterium extorquens was found
to bind lanthanum ions (La*) selectively at four EF-hand metal
coordination sites and subsequently named lanmodulin.” By

Rare-earth metals (REMs), comprising lanthanides plus
scandium and yttrium, are essential to many modern industries,
including usage in electronics, car batteries, wind turbines,
military equipment, medical imaging, and cancer therapies."”
The extraction and refinement of REMs has declined
precipitously in the United States due to the difficult, expensive,
labor-intensive, hazardous, and environmentally detrimental
mining and separation methods currently used for high-volume
REM processing.”” REMs are often dilute or come in complex
mixtures, making target REMs difficult to harvest and separate,
particularly from other chemically similar lanthanides. Tradi-
tional refining methods employ synthetic chelators, which are
not highly specific and thus require high-quality primary sources
that contain few competing metal ions. Even so, several
chromatographic separation steps are typically required.
Development of a new technique that could not only enable
efficient, environmentally friendly harvesting from conventional
sources but could also take advantage of lower-grade sources Received:  October 14, 2022
(such as electronic waste, coal ash, and acid mine drainage) Revised:  January 18, 2023
would be highly attractive and increase global availability of Published: February 3, 2023
these critical resources.' > Here, we seek to develop advanced

molecular simulation tools to enable a more accurate under-

standing of fundamental interactions between the rare-earth
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taking inspiration from biological extremophiles that depend on
highly selective binding of lanthanide-group REMs from dilute,
natural, or mixed sources, it may be possible to desi§n
compounds to filter out REMs from waste streams.””>
Knowledge of the mechanism of lanmodulin—REM binding is
essential to understanding its desirable selectivity function.

The REM ions are found to interact primarily with carboxyl
groups in highly electrostatic interactions. REM ions are large,
especially the early lanthanides, and consequently have a high
coordination number (CN 8-9). In interactions with
lanmodulin, the early lanthanides (La—Nd) bind with similar
affinities (K P**™ 5—25 pM at pH = 7.2 at the three high-
affinity sites, and K P > 1 yM at pH = 6 at the weak site),
forming contacts with eight oxygens of five carboxylate groups
from side chains and one backbone carbonyl in lanmodulin.
Binding is cooperative and involves a large conformational
change. Although part of the specificity may involve hydrogen
bonding of a proline to its neighboring residue, the large
conformational change could allow for further specificity.”” The
binding is also reversible as lanmodulin releases REM ions at low
pH, similar to synthetic chelators. While lanmodulin does retain
its fast kinetics, quantitative yields, and high selectivity for REMs
over competing ions at low pH and fairly high pH industrial
conditions, further engineering is still necessary because
lanmodulin does not differentiate much between elements in
the lanthanide series ranging from La to Nd, and immobilization
would be beneficial for large-scale industrial applications beyond
laboratory conditions.

Molecular dynamics simulations can provide thermodynamic
and mechanistic insights with atomic-level details beyond the
reach of experimental measurement. It is extremely challenging
to develop general and balanced fixed-charged force fields for
monovalent or higher-valence ions that can be applied to study
ion interactions with a wide range of chemical groups, as fixed-
charge force fields do not account for electrostatic many-body
polarization.”"* Special treatments were devised to enable the
simulation of high-valence ions with fixed-charge water
models'>'® and reduced models of proteins.'””*' These
simulations were short and limited to small system sizes, but
hydration properties could still be assessed with reasonable
accuracy upon parameter optimization. However, simulating ion
binding and unbinding to protein and other biomacromolecules
remains a significant challenge, motivating further development
of polarizable force fields. The AMOEBA (atomic multipole
optimized energetic for biomolecular applications) force field is
polarizable, using a more advanced electrostatic model than
Amber and CHARMM fixed-charge force fields.”>>* AMOEBA
was recently successful in describing the mechanism of
potassium ion conduction through channel proteins, which are
difficult systems to simulate due to the importance of complex
electrostatic interactions.'’ Amber and CHARMM polarizable
force fields are actively under development, but no study for
trivalent ions has been reported.”” "

A study of La** and Eu’* ions based on the AMOEBA model
was reported in 2005. This early study was the first application of
polarizable force fields to lanthanides in water. The QM
calculations used for parameterization did not account for
relativistic effects of water binding energy. Short dynamic
simulations were performed to investigate ions in water without
calculating hydration free energy for which the experimental
data are available.*' In addition, ion interaction with other
chemical groups such as amide or acetate was not examined.
Vazquez-Montelongo et al. developed parameters for the
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AMOEBA simulation of Gd**, Dy*', and Ho" using ion—
water interaction energies obtained at the MP2/SDD/6-
311G(d,p) theory level, in addition to previously reported
QM EDA data.>*"*° The ions were then simulated in water,
EMIm, and EtSO, using AMOEBA to investigate water-
exchange dynamics. There was good agreement with exper-
imental data for the thermodynamic properties, and the
experimental trends for exchange rate coeflicients were
reproduced.

Recently, parameters for divalent ions among the lanthanide
series (Sm** and Eu®*) were obtained for simulations with
AMOEBA force-field models."' Binding energies were calcu-
lated at various distances using electronic structure calculations
based on ab initio quantum mechanics (QM) at the DLPNO-
CCSD(T) theory level and subsequently compared with the
AMOEBA model. Radial distribution functions of water around
Sm”* and Eu®" in bulk solution and water-exchange times were
obtained from molecular dynamics simulations, revealing a
coordination number between 8 and 9. No hydration
thermodynamics were reported. Furthermore, lanthanides
typically carry +III charge in solution." A 2012 study by
Marjolin et al. involved creation and validation of a SIBFA (sum
of interaction between fragments ab initio computed) model for
the thorium (+IV) cation, with transfer to lanthanum (+III) and
lutetium (+I11) and subsequent comparison to QM data.®® The
SIBFA model was more complex than AMOEBA, and it was in
excellent agreement with ab initio methods for distance-
dependent interaction energies. The SIBFA force field for
biomolecules and its supporting simulation platform are still
under development. Therefore, a new AMOEBA model for La**
is needed for large-scale molecular dynamics simulations of ion
binding with proteins and synthetic materials.

This work focuses on the development of a high-quality and
comprehensive La** model for the simulation of ion interaction
with biomolecular fragments using the polarizable AMOEBA
force field. Polarizable potentials are well suited to capture
many-body electrostatic effects in a manner transferable among
different chemical and physical environments. AMOEBA
parameters for La** were obtained by comparing to QM and
experimental bulk data. We found that the effects of polarization
are strong between the ion and acetate, and it was necessary to
develop a new pairwise scheme to address polarization damping.
Overall, the parameters for the AMOEBA polarizable model
were reasonably transferable from the gas to liquid phase
environments. This work will enable us to perform accurate
molecular dynamics simulations of La** binding to proteins such
as lanmodulins in the future.”>>*¢

B METHODS

The AMOEBA polarizable force field was used to study the
interactions between La** and three ligand compounds, namely,
water (H,0), acetate (CH;COO~), and acetamide
(CH;CONH,). These compounds were chosen for parameter-
izing La®" interactions as they were found to be responsible for
most of the important interactions of La®* in protein binding
pockets on the Protein Data Bank.”” Therefore, these
interactions are the most important for us to describe. A full
description of the AMOEBA functional forms can be found in
our previous publications.”®*’

In our model, La*" interacts with the ligand compounds via
permanent electrostatics, polarization, and van der Waals
interactions. The atomic charge on the ion is set to 3.0 without
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permanent dipoles and quadrupoles. Polarizability is accounted
for via an atomic dipole induction scheme

ind 11 ind
W= al 3 TM; + Y Tl
j j (1)

where the first term on the right-hand side represents the
contribution from permanent multipoles, and the second
represents the induced dipoles. Tj; is the interaction matrix
between atoms, and M; are the permanent charge, dipole, and
quadrupole moments.

The dipole polarization is damped via Thole’s smeared charge
distributions to avoid the so-called “polarization catastrophe” at

very short distances

_ 34 ()
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where u(r) = r,/(aa;)"® is the polarizability-scaled distance
between atoms i and j, r;; is the real distance, a is the atomic
polarizability, and a is the dimensionless damping factor
corresponding to the width of the charge distribution.”” The
atomic polarizability parameter for La*" was derived from high-
level quantum chemistry calculations. In the AMOEBA model, a
universal damping factor of 0.39 is used for the organic/
biomolecules and monovalent atomic ions. Multivalent ions in
AMOEBA typically require a smaller damping factor to better
capture ion—ligand energies calculated from quantum mechan-
ical simulations. When two atoms have different damping
factors, the small one takes precedence. This parameterization is
straightforward, but it also introduces limitations, especially
when the ion binds to multiple different ligands as it does in
lanmodulin protein binding pockets. In this case, different
damping factors may be needed to describe the interactions
better. To overcome this limitation, the Tinker software
package®' has been modified to support a special damping
parameter for any pair of atoms, called POLPAIR. Other
schemes for polarization damping have been developed
previously.”*~**

The AMOEBA force field uses the Halgren’s buffered-14-7
potential (eq 3) to describe van der Waals (vdW) interactions

7
146 1+
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o . .
5, with r; being the separation between the two

i
atoms. Additionally, fixed values of 6 = 0.07 and y = 0.12 were
used. The radius (rg) and well depth (Sij) between any two
atoms are calculated using combining rules from eqs 4 and S,
respectively
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Similar to the polarization damping described above, pairwise
vdW parameters can also be applied to ion and ligand atoms to
add extra flexibility. The four La®" parameters described,
polarizability (@), Thole damping factor (a), vdW radius (r,),
and vdW minimum energy distance (&), were developed by
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fitting to quantum chemical distance-dependent interaction
energy curves in which the ligand was fixed to its equilibrium
geometry, as determined by an ion—ligand geometry opti-
mization calculation. In the case of water, experimental
hydration free energy data were also used to determine the
final parameters. In addition, pairwise polarization damping and
van der Waals parameters were developed to describe the
interaction of La** with the acetate and acetamide ligands better.
All QM calculations were performed using ORCA Quantum
Chemistry Software.*

As relativistic effects may have large impacts on rare-earth
metal ion interactions, structures of La®* complexed with a single
water, acetate, and acetamide were first optimized at MP2 with
the ZORA—DEF2-TZVP relativistic basis set* and Def2-
TZVP/C correlation basis set. Distances between the La** ion
and the ligands were varied while keeping the coordinates
otherwise fixed to the optimized structure for each monomer.
For monodentate ligands (water and acetamide), the ion was
moved along an axis defined by the positions of the ion and the
closest atom on the ligand. For acetate, a bidentate ligand, the
axis was defined by the position of the ion and the average
position of the two closest atoms on the ligand. Single point
energies were then calculated at the DLPNO-CCSD(T) theory
level”” with the same basis set and plotted with respect to the
change in distance to create interaction energy curves for each
pair. A basis set superposition error (BSSE) correction was
performed via a procedure similar to that used by Hong et al.
(details in SI).*® All QM calculations were performed using
ORCA Quantum Chemistry Software."’

The polarization damping and vdW parameters were
optimized against the QM distance-dependent interaction
curves for all three ion—ligand pairs using ForceBalance
software.*” La®* parameters were optimized based on QM
interaction energies of ion—water, as well as the experimental
hydration free energy for La>* reported by Marcus.”® Greater
weight was placed on the points nearest to the equilibrium
distance to better characterize the La**---CH;COO™ pairwise
interactions. This strategy enables user specification of polar-
ization strength parameters for unique atom-type pairs for cases
where the default parameter value is inadequate. Finally,
energies of each complex at the varied pairwise distances are
calculated with Tinker's ANALYZEx program using the
assigned AMOEBA parameters. These results are shown on
the interaction energy plots for comparison with the QM data.
Structures and parameters for complexes near the minima are
included in the Supplemental File “input.txt.”

Hydration free energy of an ion is an important thermody-
namic property from experiment that characterizes the strength
of ion and water interactions.”’ In our study, hydration free
energies were calculated using double decoupling with the
Bennett Acceptance Ratio (BAR) algorithm. In this method, a
La* ion is “grown” in a periodic box of water by gradually
turning on its van der Waals and electrostatic interaction
components over the course of 26 NPT simulations using a
procedure similar to that described by Wu et al.’ A cubic box of
~30 A on aside, containing 894 water molecules was used. The
scaling parameters of electrostatics and van der Waals
interactions follow the procedure: (0.00, 0.00) — (0.00, 0.45)
— (0.00,0.52) — (0.00, 0.56) — (0.00, 0.57) = (0.00, 0.60) —
(0.00, 0.62) — (0.00, 0.64) — (0.00, 0.67) — (0.00, 0.70) —
(0.00, 0.75) — (0.00, 0.80) — (0.00, 0.85) — (0.00, 0.90) —
(0.00, 0.95) — (0.00, 1.00) — (0.10, 1.00) — (0.20, 1.00) —
(0.30, 1.00) — (0.40, 1.00) — (0.50, 1.00) — (0.60, 1.00) —
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Figure 1. (A) Residues and groups found to coordinate La*" ions directly in PDB entries are largely oxygen-containing, Aspartate and glutamate are the
most common residues in the binding pocket, but water is also often present. Note that PQQ is a cofactor that is involved in reactions of alcohol
dehydrogenases, which sometimes depend on REMs. (B) Illustration of La** coordination by oxygens in the lanthanide binding tag (LBT3)
(7CCO.pdb). The La* ion is coordinated by seven oxygens of side-chain carboxylate groups and one from a backbone carbonyl. Figure was made

using LigPlot+.>®

(0.70, 1.00) — (0.80, 1.00) — (0.90, 1.00) — (1.00, 1.00).
Long-ranged electrostatic interactions were modeled using
particle mesh Ewald summation with a 7 A cutoff in real space
and a 5th order spline in reciprocal space. A 1.25 ns NPT
simulation was performed at each lambda value, with a 2 fs time
step and a 2 ps save interval and a total production time of 32.5
ns. The last 1.0 ns trajectory at each lambda window was used as
production to perform BAR free energy analysis. The temper-
ature was maintained at 300 K with a Bussi thermostat.”> A
Monte Carlo barostat was used to maintain the pressure at 1
atm. All of the MD simulations were performed using Tinker9
software with GPU support.”

Finally, to characterize the structural and dynamic properties
of La* in water, the radial distribution function (RDF),
coordination numbers, and water residence time (WRT) have
been examined from the MD simulations. The RDF of La**—
oxygen pair was calculated using the Tinker program
RADIAL.X. The first solvation shell cutoff in the calculation of
the water residence time was 4.0 A. Any water molecules within
this cutoff were considered “resident” molecules. The time they
stayed “resident” was counted to calculate the residence time.
The coordination numbers were computed by integrating the
RDF radially over distance, with the shell volume taken into
account. Additional sets of molecular dynamics simulations have
been performed using the optimal parameters derived above.
Specifically, it is found that WRT can be either long or short.
Therefore, we performed simulations for 10 ns and 1.2 ns by
saving the trajectories every 4 ps and 0.01 ps, respectively. The
simulation settings have been kept the same as above, except for
the save intervals and total time length. The WRT was calculated
with a Python script in which the LOOS analysis tool’* has been
employed.

B RESULTS AND DISCUSSION

We first investigated the composition of binding sites of
lanthanum binding proteins collected from the Protein Data
Bank (PDB) to understand better which residues are typically
involved (see PDB codes in Table S1).”” We found that about
85% of the residues found in the binding sites were water,
aspartic acid, glutamic acid, and asparagine (Figure 1A).>> The
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atoms in close proximity to the ion were exclusively oxygens,
largely from acetate and, secondarily, amide functional groups.
An example La** coordination in a binding pocket by oxygens is
shown in Figure 1B, with additional examples in Figure SI. It
was observed that the acetate groups serve as the primary driver
of binding, while the amide groups stabilize the pocket.
Accordingly, we selected water, acetate, and acetamide as
model compounds to parametrize lanthanum. As described in
the Methods section, structures of La** in complex with each of
these three ligands were optimized using QM methods.
Equilibrium complex geometries are shown in Figure 2, with
La*"-+CH;COO™ having the shortest interaction distance.

A B (o)
2.3 22,
o—'—< o’ ot

Figure 2. QM-optimized geometries for La®* interactions with (A)
water, (B) acetate, and (C) acetamide. Figure was created using
Pymol.>’

By targeting the QM interaction energies and the
experimental hydration free energy (in the case of water),
parameters for La** have been optimized and are listed in Table
1. Four parameters have been derived in the case of water,
namely, atomic polarizability (a), damping factor (a), vdW
radius (R,), and well depth (&). The atomic polarizability
parameter 1.66 was kept the same in the case of acetate and
acetamide. For acetate and acetamide molecules, a new set of
atomic polarizabilities’® were previously derived, and we called
this model AMOEBA22. In addition, we found that a special pair
of interactions are necessary to describe the energy curve
satisfactorily. This includes the pairwise damping factor and
pairwise vdW interaction parameters.

La**--Water Interaction. Ion binding to proteins requires
the desolvation of ions from their water environment. Thus,
understanding and reproducing the ion (de)solvation free
energy is essential. In addition, water molecules may also

https://doi.org/10.1021/acs.jpcb.2c07237
J. Phys. Chem. B 2023, 127, 1367—1375
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Table 1. Damping Factor (a), vdW Radius (R,), and Well
Depth (¢) Parameters for the La>* AMOEBA Model
Obtained by Fitting to QM Interaction Energy and
Experimental Hydration Free Energy Data”

a R, (A) & (kcal/mol)

La®"---water 0.250 3.920 0.940
AMOEBA09

La**---O (acetamide) 0.349 3.300 0.313

La*"---C (acetamide) 3.986 0.909

La**-O (acetate) 0.192 3.592 0.259
AMOEBA22

La**--O (acetamide) 0.299 3.300 0.302

La*"--C (acetamide) 3.954 0.829

La**--O (acetate) 0.152 3.632 0.228

“The value for the damping factor () is 0.25, identical to oxygen in
water, unless otherwise specified. The atomic polarizability ()
parameter for La®" is 1.660 (A®). For other polarizability parameters,
see Table S2.

participate as ligands in the protein pocket, which is
demonstrated by their common presence in the lanthanum
binding protein pockets (Figure 1A). To begin characterizing
the interaction between La** and water, QM optimization was
used to find a stable geometry for the La’*--H,0 complex.
Following optimization, we obtained single point energies at
varied interaction distances via QM calculation. We then
performed single point MM energy calculations using
AMOEBAQ9 with the new parameter values and plotted these
results for comparison. Interaction energies were plotted for
complexes at intermolecular distances ranging from 1.59 to 3.29
A (Figure 3). The equilibrium interaction distance was found to

= 200
g «~QM
3 190 4 -=-AMOEBA09
= 100 | Y
50 f
: \
§ of
g L}
A

S 50 % )
2 iss o=t
= 00 A :

15 2.0 25 3.0 35

La®*... Water (O) Distance (A)

Figure 3. Interaction energies for the La**-+-H,0 complex from QM
and MM (AMOEBAO9) calculations.

be 2.3 A by both QM and AMOEBAO9, with energies of —88.9
and —91.27 kcal/mol, respectively. The AMOEBAQ9 model was
able to capture nearly the entire curve with excellent agreement
to the QM results, up to the repulsive wall. For comparison, the
previously mentioned theoretical work by Marjolin et al.
reported an interaction distance of about 2.4 A at an energetic
minimum of ~—90 kcal/mol using a SIBFA (sum of interaction
between fragments ab initio computed) polarizable potential at
the MP2 theory level, with a slightly lower energy obtained using
the MRCI (multireference configuration interaction) method,
and —82.6 kcal/mol according to RVS/CSOV (restricted
variational space/constrained s}z)ace orbital variation) energy
decomposition at the HF level.®

Our hydration free energy calculations display excellent
agreement with experiment as well. The calculated hydration
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free energy using our model was —746.7 kcal/mol, compared to
the —747.4 kcal/mol experimental result from Marcus (after
corrections as described in the SI).°”°® To characterize the
orientation of water molecules surrounding the ion, the radial
distribution function (RDF) was calculated from MD simulation
trajectory. From 10 ns MD simulation of a single La** ion in
water using the new parameters, the RDF and coordination
number of La**+-O have been derived (Figure 4). The RDF plot

—La-O RDF LA-O RDF Integral
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Figure 4. RDF and coordination number obtained from 2 ns AMOEBA
molecular dynamics simulation of La** in water. Data are included in

Table S4.

shows a sharp first peak located at 2.45—2.5S A, indicating that
water molecules in the first shell are tightly bound at that
distance. The CN is ~9.0, which suggests that, on average, nine
water molecules are found in the first shell. The second peak is at
about 4.7 A, and the CN indicates that there are about 16—17
water in the second shell. There is a vacuum gap of almost 1 A
between the first and second shells due to the aforementioned
strong interaction between La®" and the first-shell water
molecules, similar to what was previously observed for
multivalent cations with both ab initio molecular dynamics
simulations and molecular dynamics simulations with AMOE-
BA force fields.'”*”

For comparison, the CN of La** in aqueous solution is usually
accepted as 8—9, and the PDB structure 7CCO shown in Figure
1B also demonstrates this same local solvation structure."”>*¢
Marcus regorted amean ion—water internuclear distance of 2.53
A in 1988 and noted in 1991 that La** was coordinated by an
average of 10.3 water molecules in its first hydration shell.”’
Nislund and co-authors reported large-angle X-ray scattering
(LAXS) data for La** solvation in 1991, revealing a CN of 8—9,
with first-shell interatomic distances of 2.52—2.66 A and a
second shell of ~18 water molecules at 4.63 A. Allen et al.
reported a CN of 9.2 with an actinide(O)---La** interatomic
distance of 2.54 A in 2000 but mentioned that statistical analysis
of the synchrotron-based extended X-ray absorption fine-
structure (EXAFS) spectroscopy data could not differentiate
definitively between a CN of 8 and 9.°" A theoretical study of
La* using AMOEBA, conducted in 2008, found that La*" was
typically coordinated by nine water molecules in its first shell at
~2.56 A and 16 water molecules in its second shell at a distance
of ~4.68 A.*" The increased first-shell distance in comparison to
most of the experimental data shows that the 2005 La*"
AMOEBA model may have underestimated the strength of the
water-La®" interaction. Our new model has excellent agree-
ment with the available experimental data.

As described in the Methods section, two sets of MD
simulations were performed here to predict the water residence
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time. In the 10 ns trajectory, up to about S ns of residence time
can be observed. In the 1.2 ns simulation trajectory, the
residence time shows a peak located at around 30 fs, which
decays afterward (Figure S). Our results indicate that, while
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Figure S. Distribution of the water residence time in the first solvation
shell around La3*. Data are included in Table SS.

some water molecules stay several nanoseconds in the first
hydration shell of La*, most water molecules exchange quickly,
and the most probable time scale is in the tens of fs. Our
simulations were not long enough for us to infer the upper
boundary on residence time.

La3*---Acetate Interaction. The interaction of the
lanthanum cation with the acetate anion proved particularly
challenging for the AMOEBA model. The predicted interaction
energy was too repulsive at close contact distance compared to
results from quantum mechanics calculations. To counter this
limitation, our collaborators at the Ponder Lab at Washington
University added the new POLPAIR function to the Tinker
Molecular Mechanics software package to allow fine-tuning of
polarization strength between specific ion pairs using pairwise
damping parameters. Using this new functionality, we were able
to match the distance-dependent interaction energy curve from
QM calculations more closely, with an error of 0.2% in the
equilibrium region and 2% (error within 10 kcal/mol) over the
rest of the curve. Interaction energies were plotted for the La**--
CH;COO™ bidentate interaction complexes at intermolecular
distances ranging from 1.54 to 3.24 A (Figure 6). The
equilibrium distance was found to be 2.2 A, with a QM
interaction energy of —505.7 kcal/mol.

We were able to describe the bidentate La**---CH;COO~
complex well with both AMOEBA09 and AMOEBA22 force-
field models; however, the monodentate interactions were
overestimated. For the bidentate interaction, the AMOEBA22
result agreed with the QM result on the equilibrium distance of
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Figure 6. Interaction energies for the La*"--CH;COO~ complex from
QM and MM (AMOEBA09 and AMOEBA22) calculations.
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2.2 A, with AMOEBAO9 showing a slightly shorter interaction
distance. The QM interaction energies for these two distances
(—505.04 and —505.66 kcal/mol) only differed by 0.6 kcal/mol,
however. For both distances, AMOEBA09 and AMOEBA22
were within 1% of the QM interaction energies. In the case of the
monodentate interactions, the interatomic distance at the
minimum according to QM calculation (2.0 A) was accurately
described by AMOEBAQ9 and AMOEBA22, but the interaction
energy differed by almost 50 kcal/mol. However, this value was
still just over a 10% increase from QM (—466.7 kcal/mol).

There was a difficulty in optimizing a structure for
monodentate La*"-+CH;COO~ to convergence as the CO
bond stretched until it broke and oxygen became bound to La**,
even when starting from a reasonable monodentate La*--
CH;COO™ complex conformation. To obtain a structure for the
interaction energy calculations, a side chain involved in a
monodentate interaction with La** in the PDB structure 7CCO
was cut from the full structure, and hydrogens were added to
form monodentate CH;COO--La*" (Figure S2). Alternatively,
we could perform a geometry optimization while keeping the
acetate frozen. Nonetheless, we decided to take the structure
from an experimental PDB, as we believe it should be the most
relevant orientation. The ion was then translated manually by
+0.2 A at a time to have complex structures with separations of
1.8—2.6 A, and interaction energies at each distance were plotted
(Figure 6). The dashed gray line in Figure 6 denotes the
interatomic distance in 7CCO.

The difficulty in describing the monodentate binding
conformation is similar to what we encountered in our previous
studies of calcium and magnesium ions.” In the case of the
bidentate interactions, the two oxygen atoms can be described
the same “atom type” due to resonance. For the monodentate
interactions, the two oxygen atoms should be described
differently, as the ion will stabilize the charge of and prefer to
interact with one of the oxygens. If we were to model a static
monodentate ion—acetate interaction structure, different
parameters could be assigned to the oxygen that is binding
with the ion, and we will be able to match QM energy very well.
The challenge in MD simulations would be to handle the
dynamics of ion—oxygen binding/unbinding, thus changing the
state and parameters of oxygen atoms during the simulations.

La**--Acetamide Interaction. Agreement between QM
and our MM results for La**---CH;CONH, interaction energies
are satisfactory, especially at shorter distances. The initial
AMOEBA model was unable to replicate the shape of the
distance-dependent interaction energy curve from QM accu-
rately, leading to errors of up to 20 kcal/mol at distances beyond
the equilibrium region. With the addition of POLPAIR, the
interaction between lanthanum and acetamide was also modeled
accurately—interaction energy and equilibrium distance were
within 2 kcal/mol and 0.1 A of the QM calculations. Interaction
energies were plotted for complexes at intermolecular distances
ranging from 1.49 to 3.09 A (Figure 7). The interaction distance
at the QM energetic minimum was 2.1 A, with an energy of
—186.7 keal/mol. This distance was shifted slightly lower to 2.0
A for AMOEBAO9 and AMOEBA22. At this distance, the
interaction energies were —186.4 kcal/mol for AMOEBAO9 and
—186.6 kcal/mol for AMOEBA22, with less than 1% change
from the energy of —185.0 kcal/mol obtained using QM
methods.
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Figure 7. Interaction energies for the La**+--CH;CONH, complex from
QM and MM (AMOEBA09 and AMOEBA22) calculations.

B CONCLUSIONS

We have developed two AMOEBA polarizable force-field
models for simulation of La** with ligands responsible for the
majority of La’* interactions with biomolecules, such as
lanmodulins. The main difference between the models based
on AMOEBA09 and AMOEBA22 is that the latter includes
improved, larger atomic polarizability for acetate and acetamide
(Table S2). Interaction energies of La*>" with the representative
molecules water, acetate, and acetamide have been carefully
examined. The addition of a new scheme POLPAIR (pairwise
damping) to Tinker provided the flexibility necessary for
accurately capturing the strong and diverse polarization effects
present in interactions between La** and both charged and
neutral ligands, which was previously unfeasible. Using this new
model, interaction energy calculations showed replication of
QM energies and equilibrium interaction distances, as well as
experimental hydration free energy of La*". In general, the new
AMOEBA model matches ab initio QM very well in equilibrium
energy and distances, which will be crucial for accurate
description of interactions in the binding pocket.

The calculated La*"--H,0O complex energy and coordination
number (8—9) alone can explain most of the observed hydration
free energy. From our simulations, nine water molecules were
observed in the first solvation shell of La**. The La*—water
interaction is much stronger than that of Ca** (—56.0 kcal/
mol),”* while the ion—O distances at minimum energy are
similar at 2.2 A (Ca®") vs 2.3 A (La’*). La** naturally attracts
more water in the first solvation shell, some of which are tightly
bound, while some exchange with the surroundings rapidly
(within a few fs). Ion—acetate and ion—amide interactions are
several times stronger than that of ion—water. Nonetheless,
there will be significant energetic cost to overcome the repulsion
between negatively charged acetate groups to assemble the
binding pocket. The energetics and thermodynamics of La**
binding to proteins will be evaluated in future work using an
approach similar to that previously applied to Ca**/Mg?.”* The
current model, including the newly added POLPAIR function, is
now available for use in Tinker software, including the high-
performance GPU implementation. The results of this work will
enable classical molecular dynamics simulations of La®*
containing molecular systems including large protein complexes
with much-needed accuracy and efficiency. Ultimately, these
results, paired with such future studies, will enable a more
comprehensive understanding of the complex ion—ligand
interactions that will guide the development of potential
bioinspired REM harvesting and separations.
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