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ABSTRACT: Calcium ions are important messenger molecules in cells,
which bind calcium-binding proteins to trigger many biochemical
processes. We constructed four model systems, each containing one
EF-hand loop of calmodulin with one calcium ion bound, and
investigated the binding energy and free energy of Ca2+ by the quantum
mechanics symmetry-adapted perturbation theory (SAPT) method and
the molecular mechanics with the additive CHARMM36m (C36m) and
the polarizable Drude force fields (FFs). Our results show that the
explicit introduction of polarizability in the Drude not only yields
considerably improved agreement with the binding energy calculated
from the SAPT method but is also able to capture each component of the
binding energies including electrostatic, induction, exchange, and dispersion terms. However, binding free energies computed with
the Drude and the C36m FFs both deviated significantly from the experimental measurements. Detailed analysis indicated that one
of main reasons might be that the strong interactions between Ca2+ and the side chain nitrogen of Asn/Gln in the Drude FF caused
the distorted coordination geometries of calcium. Our work illustrated the importance of polarization in modeling ion−protein
interactions and the difficulty in generating accurate and balanced FF models to represent the polarization effects.
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■ INTRODUCTION

Calcium ions are key signaling molecules in living organisms
and play crucial roles in muscle contraction, neuronal
excitability, cell migration, and cell growth.1 Most of these
processes start with the binding of calcium ions with a calcium-
binding or calcium-sensing protein, such as calmodulin (CaM)
.2−6 The calcium-binding motif in CaM is a helix−loop−helix
structure named EF-hand comprising 12 residues.7 Each EF-
hand can accommodate 1 calcium ion (Ca2+) which
coordinates with 7 oxygen atoms from the side chains of
residues 1, 3, 5, and 12, the backbone of residue 7, and 1 water
molecule as shown in Figure 1. Without calcium ions, the
helices in the EF-hands are arranged in an antiparallel manner
and the central linker in the CaM is disordered. The binding of
calcium ions causes the conformation transition of EF-hand
loops and thus induces large conformational change of CaM,
so that its hydrophobic sites are exposed to recognize and
activate target proteins,7,8 which further initiates a variety of
cellular processes that are key to maintaining life activities.
Calmodulin has been studied extensively through exper-

imental and computational methods,9−16 focusing on ion
binding affinity and selectivity as well as the relationship
between ion binding and protein functions. Yang et al. grafted
each EF-hand loop of CaM into domain 1 of the CD2 protein
to obtain the individual calcium affinity of four EF-hands, and
found out their affinities were in the order I > III ≈ II > IV.12

Lepvsik and Field performed quantum mechanics (QM)
calculations and molecular dynamics (MD) simulations to
obtain the binding energies between calcium ion and EF-hand
loops of CaM.13 Their results showed that the order of Ca2+-
binding affinity to CaM’s EF-hand loops is I > III > IV > II,
partially consistent with Yang’s results. Xiao14 used constrained
dynamics with the AMBER PARM96 force field (FF) to
calculate the binding free energies of calcium ions to the EF-
hands. While the binding free energy of calcium ion to the EF1
was −5.4 kcal/mol that was in agreement with the
experimental value, those of EF2 and EF4 were computed to
be positive which deviated qualitatively from experimental
results. These deviations were often attributed to the difficulty
of additive FFs in describing the polarization effects of calcium
ions.
It is challenging to develop accurate FF models for the

calcium ion because of its strong polarization and charge-
transfer effects, which can dramatically influence its solvation
and interactions with biomolecules. Enormous efforts have
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been made in developing molecular mechanism (MM) models
for Ca2+, including charge-scaling schemes,15,17 12-6-4
Lennard-Jones-type nonbonded models proposed by Li et
al.,18−20 and multisite dummy atom models from Saxena’s21

and Song’s groups.22 The charge-scaling model is a convenient
method to include electronic polarization effects for ions in
aqueous and protein environments.23,24 Kohagen and co-
workers proposed to scale the charge of Ca2+ by 0.75 (from +2
to +1.5) to account for its polarization effects in a mean-field,
average manner.15,17 To keep the neutrality of the whole
system, one has to scale the partial atomic charges on other
atoms and two different schemes (ECCR and ECCR-P) were
proposed depending on which atoms are scaled together with
the calcium ions.
Another strategy is to explicitly model the polarization

effects of calcium ions in the framework of polarizable force
fields such as the AMOEBA and the Drude FF. Both
polarizable FFs have been developed for water, ions, and a
wide range of biomacromolecules such as proteins, nucleic
acids, and lipids.25−34 The AMOEBA FF utilizes a point
induced dipole model to represent the polarization effects and
higher-order moments up to quadrupole to treat electrostatic
interactions accurately. The Drude FF adopts the classical
Drude oscillator model which attaches an auxiliary Drude
particle carrying a charge to the non-hydrogen atom with a
harmonic spring, and the displacement of the Drude particle
relative to its parent atom represents the influence of the
external electric field. To facilitate the ability of the Drude FF
to model nonbonded interactions, lone pair are included,
which mimic the use of multipoles in AMOEBA. Recently, we
demonstrated the equivalency of the point induced dipole
model and the classical Drude oscillator model by mapping the
Drude FF into an AMOEBA-like multipole and induced dipole
model named MPID.35

Ren and co-workers used MD simulations with AMOEBA
FF to study the selectivity and binding free energies for Ca2+

and Mg2+ to the EF-hand loops of calcium/magnesium-binding

proteins including parvalbumin, calbindin D9k, a carboxylate
cluster Mg-binding protein CheY, the C2 domain of dysferlin,
and the integrin I domain.36,37 Their calculations reproduced
the relative binding free energies between Ca2+ and Mg2+ in
different types of binding pockets defined by the number of
carboxyl groups in the first/second shell of Ca2+/Mg2+. More
importantly, they demonstrated that the selectivity of Ca2+

over Mg2+ due to the many-body interactions can be captured
by the polarizable AMOEBA FF. In terms of the Drude model,
Li et al. optimized the Drude FF parameters to accurately
reproduce the interactions between ions (K+, Na+, Ca2+, and
Cl−) and coordinating residues in 30 representative metal-
loprotein systems.38 By targeting ab initio calculation (ion−
protein coordination geometries and interaction energies) and
experimental thermodynamical data (solvation free energies of
ions), they obtained the pair-specific nonbonded LJ (NBFIX
term in CHARMM) and through-space Thole screening
(NBTHOLE term in CHARMM) parameters between ions
and coordinating atoms of amino acids. This parameter set can
be used together with the Drude-201330 or the Drude-201939

protein FF, and was shown to achieve good agreement in the
binding energies between calcium ion and 10 Ca2+-binding
proteins with QM calculations at the B3LYP/CEP-121 level.38

However, this study focused on chelated ions in binding sites,
which might overestimate the binding affinity of ions with
individual protein functional groups. Recently, Amin et al. have
assessed the accuracy of Drude FFs in reproducing the
interaction energy of Ca2+-dipeptide against a comprehensive
QM data set and proposed revised parameter sets to address
the potential overpolarization of Asp and Glu side chains.40 To
our knowledge, there is no study performing binding free
energy calculations of calcium ions to peptides or proteins with
the Drude FF.
In this work, we investigated the binding energy and free

energy of the calcium ion to CaM EF-hand loops with the
most recent Drude-2019 polarizable FF and a fixed-charge
additive protein FF, CHARMM36m (C36m).41 Through

Figure 1. Structure of Calmodulin and its four EF-hand loops (PDB id: 1CLL).

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.1c00039
ACS Phys. Chem Au 2022, 2, 143−155

144

https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00039?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00039?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00039?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.1c00039?fig=fig1&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.1c00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


comparison of interaction energies and energy components
with the Symmetry-Adapted Perturbation Theory (SAPT)
calculations, we demonstrated the advantage of explicit
inclusion of polarization into FF models in describing ion−
protein interactions. We also performed alchemical free energy
perturbation (FEP) calculations with λ-state Hamiltonian
replica exchange simulations to compute binding free energies
of Ca2+ to the EF-hand loops, and showed that both Drude-
2019 and C36m overestimated the binding of calcium ions to
CaM EF-hands. We performed careful analyses on the ion
coordination numbers and dipole moments during simulations.
Our results highlight the necessity and difficulties to
reparametrize the interaction between calcium ions and both
Asn/Gln and Asp/Glu residues in the Drude FF.
The manuscript is organized as follows: Details of

interaction energy calculations, energy decomposition analysis,
MD simulations, FEP calculations, and trajectory analysis will
be provided in the Methods section. In the Results section, the
comparison of binding energies between Ca2+ and EF-hands
will be presented first, followed by binding free energy results
from FEP calculations. Detailed analyses of MD trajectories
will then be presented. The manuscript will end with a short
discussion and conclusion.

■ METHODS

Structure Preparation

The initial geometries were extracted from the crystal structure of
CaM solved at 1.7 Å resolution (PDB id: 1CLL),42 and their
structures are shown in Figure 1. The four EF-hand loops marked as
EF1, EF2, EF3, and EF4 comprise residue numbers 20−31, 56−67,
93−104, and 129−140, respectively. All four EF-hand loops were
extracted with the calcium ion and a coordinating water molecule
from the structure of CaM according to the residue numbers. Their
sequences, coordinating positions, and total charges were summarized
in Table S1. The N-terminus of EF-hand loops was the amino group
(NH2), while the C-terminus was the carboxyl group (COOH) in
QM calculations. The four complexes contain 177, 163, 167, and 174
atoms, respectively, in QM calculations. In MD simulations, the EF-
hand loops were capped with the acetylated group as the N-terminus
and the N-methylamide group for the C-terminus.
The four EF-hand complex structures were optimized with the

density functional theory (DFT) using the B3LYP functional.43−45

The 6-311G(d,p) basis set was used for the C, H, O, N, and Ca
atoms. The optimized geometries were validated by performing
vibrational frequencies calculations, and used for subsequent
interaction energy calculations and energy decomposition analysis.
Geometry optimization and vibrational analysis were done using
Gaussian 16.46

Energy Decomposition Analysis

The prediction of noncovalent interaction energies was carried out for
Ca2+/EF1, Ca2+/EF2, Ca2+/EF3, and Ca2+/EF4 using the SAPT0
method with def2-TZVPD basis sets. The geometries used for SAPT
calculations were the DFT-optimized structures. The interaction
energies were decomposed into electrostatic, induction, exchange, and
dispersion components. As a comparison, we also computed the
binding energies of Ca2+ to the EF-hands at the B3LYP-D3/def2-
TZVPD level. The binding energy between Ca2+ and EF-hands in the
gas phase was defined by the following formula:

= − +E E E E( )bind AB A B (1)

where EAB is the energy of the complexes, EA is the energy of the EF-
hand loops plus the water molecule, and EB is the energy of the
calcium ion. Basis set superposition errors (BSSEs) were considered
by the counterpoise procedure method.47 The B3LYP-D3 calculations

were carried out by Gaussian 16,46 while the SAPT calculations were
carried out using PSI4.48

The interaction energies and their energy components were also
computed at the MM level using the DFT-optimized structures of
calcium/EF-hand loops with the additive C36m and the polarizable
Drude FFs, respectively. At the MM level, the interaction energies
arise from the nonbonded energy terms in force fields, including the
van der Waals (VdW) and electrostatic terms. The VdW term is
formulated by a 12-6 Lennard-Jones potential in the CHARMM FFs
and can be split into the C12 and C6 components that are considered
to correspond to the repulsion and dispersion interactions in SAPT.
While there is no induction term in the additive C36m FF, the
electrostatic and induction terms are well-defined and can be
separated in the Drude FF.

To perform energetic calculations with the Drude FF, the positions
of the Drude particles need to be relaxed via energy minimizations
with all the non-Drude particles fixed. Starting from the DFT-
optimized complex geometry, the calcium ion (B) was removed and
the Drude particles of the EF-hand loops plus the water molecule (A)
were relaxed in the environment of A only, and the total electrostatic
energy was labeled as EA−mini−A. Similarly, the electrostatic energy of
part B with Drude particles optimized in the environment of B was
computed as EB−mini−B. In this particular case, EB−mini−B = 0 as part B is
a single ion. Then, part B was added back with the coordinates of
Drude particles kept, and the electrostatic energy of the complex was
labeled as EAB−non−mini. Finally, all Drude particles in the system were
relaxed in the environment of the complex, and the total electrostatic
energy was labeled as EAB−mini−AB. From these, the electrostatic (Eele)
and induction (Eind) components of the interactions between A and B
can be obtained from these four components:

= − −

= −
‐ ‐ ‐ ‐ ‐ ‐

‐ ‐ ‐ ‐

E E E E

E E E
ele AB non mini A mini A B mini B

ind AB mini AB AB non mini (2)

We note that the harmonic bond energy between the Drude
particle and its parent atom belongs to the electrostatic energy;
however, it is classified as bonded energy in the current CHARMM
code. Thus, the total energies obtained from CHARMM were directly
used to calculate the Eele.

MD Simulations

MD simulations of the four EF-hand complexes were performed with
explicit solvent molecules. Complexes were solvated with 0.15 M KCl
in 48 Å × 48 Å × 48 Å, 52 Å × 52 Å × 52 Å, 48 Å × 48 Å × 48 Å, and
51 Å × 51 Å × 51 Å cubic water boxes, respectively. The parameters
for the amino acids and ions were taken from the C36m or the Drude-
2019 force field. Correspondingly, water molecules were described by
the TIP3P49 or the SWM4-NDP model.50 As periodic boundary
condition (PBC) was applied, the electrostatic interactions were
treated with Particle Mesh Ewald (PME)51 with the splitting
parameter κ = 0.34 and LJ interactions were truncated at 12 Å with
a smooth switching off between 10 and 12 Å. The PME error
tolerance parameter δ was set to 1.0−4. The integration time step was
2 fs for the additive C36m FF and 1 fs for the polarizable Drude FF.
Hydrogen-involved covalent bonds were constrained by the SHAKE
algorithm.52

The systems were first equilibrated for 50 ps in canonical (NVT)
ensemble at 310 K with the C36m FF. The final snapshots from
equilibrated trajectories were extracted and used as the initial
structure for 200 ns NPT simulations at 310 K and 1 atm with the
C36m and the Drude-2019 FFs, respectively. Andersen thermostat53

was used for C36m simulations, while the dual Langevin thermostats
method54 was used for Drude simulations with friction coefficients of
5 ps−1 for non-Drude atoms and 20 ps−1 for Drude particles. Drude
hardwall constraint33 was applied to avoid the separation between
Drude particles and their parent atoms larger than 0.25 Å. Monte
Carlo barostat was used to maintain the pressure.55 The system setup
and equilibrations were carried out in CHARMM56,57 and 200 ns
production runs were performed with OpenMM.58
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Free Energy Calculations
The binding free energies of the calcium ion with EF-hand loops were
calculated with the additive C36m and the polarizable Drude FFs,
respectively. Each calculation consisted of two alchemical trans-
formations. One was to gradually turn off interactions between the
calcium ion with the EF-hand and solvent molecules as schemed in
Figure 2 (blue box). The free energy change associated with this
alchemical transformation was recorded as ΔG1. The other one was
designed to alchemically remove a calcium ion from the bulk water
environment as shown in the green box in Figure 2. The difference of
free energy was computed as ΔG2, which was also known as the
intrinsic hydration free energy of Ca2+. With these two alchemical
processes, the binding free energies ΔGBind of calcium ion with EF-
hand loops can be computed as

Δ = Δ − ΔG G GBind 1 2 (3)

To obtain the hydration free energy of Ca2+ that can be directly
compared with experimental measurements, two corrections should
be included as

ϕΔ = Δ + −G G zF k T Vln(1/ )HFE 2 B m (4)

where z is the ionic charge, F is the Faraday constant, and ϕ is the
electrostatic Galvani potential at the liquid−vacuum interface. ϕ
equals −545 mV and −500 mV for the SWM4-NDP and the TIP3P
water models, respectively.50,59,60 While the first correction term
(zFϕ) accounts for the phase potential arising from an ion crossing
the physical air/water interface, the second correction term (− kBT
ln(1/Vm)) accounts for the entropic contribution of an ion going
from an ideal gas to an idealized bulk solution at 1 M concentration.59

Vm is the molar volume of an ideal gas, which equals 25.439 L/mol at
310 K and 1 atm.
Five independent systems were required for the alchemical free

energy calculations, Ca2+/EF1, Ca2+/EF2, Ca2+/EF3, Ca2+/EF4, and

Ca2+ in bulk water. The alchemical transformation of these systems
was performed by the λ-state Hamiltonian replica exchange MD (H-
REMD) simulation method61 implemented in CHARMM. Thirty λ
states were interpolated along the whole alchemical process to
gradually turn off the nonbonded interaction between Ca2+ and EF-
hand/water or bulk water. Electrostatic interactions were first turned
off through 22 λ states, i.e., λ = 1.00, 0.95, 0.90, 0.85, 0.80, 0.75, 0.70,
0.65, 0.60, 0.60, 0.55, 0.50, 0.47, 0.43, 0.39, 0.35, 0.31, 0.26, 0.22,
0.18, 0.14, 0.10, 0.06, and 0.00. Then, LJ interactions were turned off
in 8 states with λ = 1.00, 0.95, 0.77, 0.59, 0.41, 0.23, 0.05, and 0.00.
The final conformations of 200 ns NPT trajectories generated by MD
simulations described above were used as the initial structures for H-
REMD simulations. All systems were propagated under velocity verlet
integrator with 1 fs time step. NVT ensemble was realized with Nose-́
Hoover algorithm62,63 to keep the temperature at 310 K. For C36m
simulations, the mass of the thermal piston of Nose-́Hoover was set to
500 kcal·ps2/mol. For Drude simulations, the characteristic response
time of Nose-́Hoover was set to be 0.1/0.005 ps for non-Drude/
Drude particles. Exchanges were attempted between neighboring λ
states every 1 ps and frames were saved every 1 ps. Free energy
differences ΔG1 and ΔG2 were computed with the multistate Bennett
acceptance ratio (MBAR) method64 using Pymbar.65

■ RESULTS

Comparison of Binding Energies and Energy Components

We compared the binding energies of Ca2+ with EF-hand loops
obtained by different QM and MM methods in Table 1. The
total interaction energies computed by SAPT at the SAPT0/
def2-TZVPD level were −651.06, −781.79, −633.21, and
−865.89 kcal/mol for the four EF-hand complexes, respec-
tively. Interaction energy calculations at the B3LYP-D3/def2-
TZVPD level using eq 1 gave similar results, with slightly less

Figure 2. Binding free energy calculation protocol of calcium ion with EF-hand protein. ΔG1 is the free energy difference when we remove calcium
ion from EF-hand proteins and waters. ΔG2 is the free energy difference when we remove calcium ion from bulk waters.

Table 1. Interaction Energies and Energy Components for the Binding of the Calcium Ion with Four EF-Hand Loopsa

EF1 EF2 EF3 EF4

electrostatic C36m −773.48 −872.79 −722.97 −976.74
Drude-2019 −551.94 −675.96 −524.68 −778.71
SAPT0 −544.45 −671.53 −526.15 −763.50

induction C36m 0 0 0 0
Drude-2019 −142.11 −134.02 −134.98 −137.18
SAPT0 −167.39 −162.17 −164.87 −162.90

exchange C36m 16.77 14.80 16.09 17.08
Drude-2019 60.26 48.67 47.59 59.02
SAPT0 75.29 65.36 71.87 73.88

dispersion C36m −9.57 −8.90 −9.35 −8.78
Drude-2019 −17.26 −15.24 −16.32 −16.44
SAPT0 −14.51 −13.44 −14.06 −13.38

total interaction C36m −766.27 −866.89 −716.23 −968.44
Drude-2019 −651.05 −776.54 −628.39 −873.30
SAPT0 −651.06 −781.79 −633.21 −865.89

B3LYP-D3 −644.27 −777.61 −604.17 −859.21
aUnits are kcal/mol.
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negative values of −644.27, −777.61, −604.17, and −859.21
kcal/mol. We note that the interaction energies were
systematically less favorable compared to the gas-phase QM
calculations carried out by Lepsǐḱ and Field at the BP86/def2-
SVP level that gave −709.3, −825.0, −662.5, and −890.7 kcal/
mol.13 The discrepancy was originated in the different number
of water molecules included in the QM calculations. We only
included one coordinating water molecule, while Lepsǐḱ and
Field included the structural waters in the second coordinating
shell as well. Nevertheless, both QM calculations in gas phase
consistently predicted that calcium ion’s binding stability in
complexes was most favorable in the EF4 loop, and decreased
in the order of EF2, EF1, and EF3.
As illustrated in Table 1 and Figure 3, binding energies from

the Drude-2019 model were in good agreement with the SAPT

results. The differences in the binding energy were 0.01, 5.25,
4.82, and −7.41 kcal/mol for the four EF-hand complexes,
respectively. The mean absolute error (MAE) equals 4.37 kcal/
mol. In contrast, the C36m FF model has a significant
overestimation of the interaction between Ca2+ and EF-loops.
The binding energies were overestimated by −83 to −115
kcal/mol compared to SAPT results, with an MAE of 96.47
kcal/mol.
We performed energy decomposition analysis to further

characterize the binding interaction between the calcium ion
and EF-hand loops. The interaction energies were separated
into electrostatic, induction, exchange, and dispersion terms.
Based on SAPT calculations, electrostatics was the dominant
component in the interaction energies, contributing −544.45
(83.62%), −671.53 (85.89%), −526.15 (83.09%), and
−763.50 (88.17%) kcal/mol for EF1 to EF4 loops,
respectively. Interestingly, although the amino acids in the
four EF-hand loops are different, the induction energies are
almost similar (Table 1). The exchange term contributes
positive interaction energies from 65.36 to 75.29 kcal/mol,
while dispersion makes Ca2+ attractive with EF-hand loops by
about −14 kcal/mol.
The Drude-2019 FF not only reproduced the total binding

interaction energy between the calcium ion and EF-hand loops,

but was also able to capture each component as shown in
Table 1. The permanent electrostatic energies from Drude-
2019 calculations were in good agreement with the SAPT
results, with the difference being −7.49, −4.43, 1.47, −15.21
kcal/mol, respectively (Figure 4). The induction components

and the exchange components were also correlated well with
the corresponding SAPT terms, while there was a systematic
deviation of 27.3 kcal/mol for the induction and −17.7 kcal/
mol for the exchange. There was a slight overestimation in the
dispersion energies with Drude-2019, whose difference ranged
between 1.8 and 3.1 kcal/mol (Figure 4). Energy decom-
position analysis was also performed with the C36m FF. There
is no explicit induction component due to its additive nature,
so we should compare its permeant electrostatic component
with the sum of the electrostatic and induction energy in SAPT
as additive FFs account for the electronic polarization effects
through parametrization in an average mean-field manner. As
shown in Figure 4, the C36m model led to overbinding with
the electrostatic interactions overestimated by about 32 to 62
kcal/mol. The deviations of the exchange and the dispersion
interactions from SAPT results were also larger than those of
the polarizable Drude-2019 model. Overall, we demonstrated
that the Drude FF represented a significant improvement over
CHARMM additive FF in describing the interaction between
Ca2+ and CaM EF-hand loops, in terms of both total binding
energy and each interaction energy component.
In addition, we performed the binding energy and energy

decomposition calculations with two revised Drude FF
parameter sets proposed by Amin et al.40 In order to avoid
the overpolarization between the calcium ion and Asp or Glu
residues, the NBFIX and NBTHOLE parameters between Ca2+

and side chain oxygen in Asp/Glu that has the same atom type
(OD2C2A) in the Drude FF were adjusted. In one parameter
set (Drude-T), an NBTHOLE of 2.6 was added while the
NBFIX value in Drude-2019 was maintained. For another

Figure 3. Binding energies calculated using FF models (C36m,
Drude-2019, Drude-T, and Drude-W) relative to the SAPT values for
the calcium ion with the four EF-hand loops (kcal/mol).

Figure 4. Comparison of each component of the binding energies
between the calcium ion and the EF-hand loops (kcal/mol). The
electrostatic interaction energies computed with the additive C36m
FF are compared with the summation of the SAPT electrostatics and
induction terms.
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parameter set (Drude-W) both NBFIX and NBTHOLE
parameters were optimized, whose values were listed in the
Supporting Information Table S2. However, as shown in
Figure 3 and Table S3, the Drude-T and Drude-W parameters
deteriorated in reproducing the SAPT results, with MAE in
binding energy changed from 4.37 to 5.30 and 17.07 kcal/mol,
respectively. Based on energy decomposition calculations, the
new NBFIX and NBTHOLE parameters introduced in Drude-
W made the permanent electrostatic interaction more
favorable, the induction significantly less favorable, the
exchange much less positive, and the dispersion interaction
less favorable (Figure 4).

Binding Free Energies of Ca2+ to CaM EF-Hand Loops

The binding energy calculations were carried out on a single
structure in gas phase, so it cannot be compared with the
experimental measurements on binding free energies. Explicit
solvent H-REMD/FEP simulations have been carried out with
the C36m and the Drude FFs to determine the ion binding
free energies to each of the four EF-hand systems according to
the thermodynamic cycle shown in Figure 2. As shown in
Figures S1E and S2E, ΔG2 converged well within 2 ns H-
REMD simulations and were computed to be −346.90 kcal/
mol and −369.97 kcal/mol with the Drude and the C36m FFs,
respectively. We note that these are intrinsic hydration free
energies, which are subjected to two correction terms. The first
term (−25.10 kcal/mol with the Drude SWM4-NDP model
and −24.58 kcal/mol with the TIP3P model) depends on the
electrostatic Galvani potential at the liquid−vacuum inter-
face,59,60 and the second term is an entropy correction that
equals 1.99 kcal/mol at 310 K and 1 atm. With these two
corrections, the real hydration free energies of Ca2+ were
computed to be −370.01 kcal/mol and −392.56 kcal/mol with
the Drude polarizable and the CHARMM additive force fields
at 310 K. The hydration free energy ΔGHFE of Ca2+ obtained
with the Drude FF agrees with the value (− 369.9 kcal/mol)
reported by Yu et al.59 Both compare favorably with the
experimental value of −359.70 kcal/mol at 298 K.66

The convergence of H-REMD/FEP calculations to decouple
ions from EF-hand systems was slower. Two nanosecond
simulations for each λ point with the Drude-2019 FF
converged ΔG1 within 1 kcal/mol (Figure S1), while the free
energy calculations with C36m FF did not fully converge after
20 ns H-REMD/FEP simulations (Figure S2). Due to the
extensive computational cost, only one set of H-REMD/FEP
simulations were carried out for each system. To investigate
the effect of different starting conformations, three sets of 2 ns
H-REMD/FEP simulations were carried out for EF3 with the
Drude-2019 FF using different initial structures extracted at 5,
100, and 200 ns of the equilibrium MD trajectory. The
computed ΔG1 were −43.63, −44.63, and −44.60 kcal/mol,
respectively, indicating no obvious dependence on the starting
conformations.

The computed binding free energies of Ca2+ to the EF-hand
loops were summarized in Table 2. Both of the C36m and the
Drude-2019 FFs strongly overestimated the calcium affinity in
EF-hand systems. On average, C36m overestimated binding
affinities by 15.40 kcal/mol, and Drude-2019 overestimated
them by 36.05 kcal/mol. The order of binding strength was
also not correctly reproduced by either force field. For
example, Ca2+ bind most strongly with EF1, while Drude-
2019 simulations predicted that Ca2+ binding with EF1 was
weakest among the four loops. We also performed the binding
free energy calculations with the Drude-T and Drude-W
parameter sets using the same FEP protocol. While the Drude-
T FF led to similar binding free energies with the Drude-2019
(data not shown), the Drude-W FF even more severely
overestimated the calcium affinity to CaM EF-hand loops with
computed free energies being −108.6, −93.95, −90.42, and
−99.50 kcal/mol, respectively.

Analysis of MD and FEP Trajectories

While the Drude-2019 polarizable FF reproduced very well the
QM binding energies of calcium/EF-hand complexes, its
performance in reproducing experimental binding free energies
was much worse than the C36m FF. Possible explanations
included that the conformations sampled in MD simulations
could be far away from the experimental structural ensemble.
Even if the conformations are similar, the binding energies of
these conformations might not be modeled accurately by the
force field. Furthermore, there are entropy changes associated
with ion binding/unbinding that need to be correctly
accounted for. We analyzed the 200 ns MD trajectories and
the H-REMD/FEP trajectories to understand the large
deviation of computed binding free energies from experimental
measurements. We note that only the λ = 1 states of the H-
REMD/FEP simulations were used as they corresponded to
physically meaningful states, and although their lengths were
relatively short they represent a large conformational space due
to the enhanced sampling brought by H-REMD.

Binding Energies and Structural Deviations

We first analyzed the ensemble averaged binding energies of
calcium ions to the EF-hand loops in H-REMD/FEP
simulations (Figure S3). The general trend was similar to the
single point calculations using the conformations from the
crystal structure. The ensemble averaged binding energies from
additive simulations were significantly more negative by 100 to
300 kcal/mol compared with the Drude simulations. The
average binding energies computed from the Drude-2019
trajectories were −678.99, −819.48, −631.76, and −878.04
kcal/mol for the four EF-hand loops, respectively. They were
slightly more negative than the single point binding energies
presented in Table 1.
We note that one source of discrepancy might be due to the

difference between the model systems used in the FEP
simulations and the experimental systems in which the EF-
hand loops were grafted on the protein CD2. To shed light on

Table 2. Binding Free Energies of the Calcium Ion to the Four EF-Hand Loops Computed with the C36m and the Drude-2019
Force Fieldsa

force field EF1 EF2 EF3 EF4

C36m −22.54 −18.49 −15.65 −23.49
Drude-2019 −31.09 −45.69 −44.60 −41.41

Exp.b −5.32 ± 0.07 −4.63 ± 0.03 −4.58 ± 0.04 −4.05 ± 0.12
aUnits are kcal/mol. bExperimental binding free energies for the four EF-hands from ref 12.
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such differences, we constructed four simulation systems with
the EF-hand loops grafted on the domain 1 of CD2 and carried
out 30 ns MD simulations with the C36m and the Drude-2019
FFs for these CD2-EF-hand systems, respectively (methods
included in Supporting Information). The interaction energies
between calcium ions and the EF-hand loops were extracted
from MD trajectories and compared with the EF-hand alone
systems (Figure S4). While the distributions of interaction
energies were similar in some systems such as the EF1 loop
modeled with the Drude FF, large deviations were observed in
systems such as the EF2 loop modeled with C36m, indicating
that the existence of CD2 can interfere with Ca2+ binding to
EF-hand loops.
We also analyzed the root-mean-square deviations (RMSDs)

of the EF-hand loops with respect to the crystal structure along
with the H-REMD/FEP simulations. Both λ = 1 and = 0 states
were used, as they represented the ion-bound and the ion-
unbound states, and we note that no restraints on EF-hand
loops were used in the simulations. With the C36m force field,
the EF-hand loops were very stable with calcium ion binding as
indicated by RMSDs being around 3 Å (Figure S5). Unbinding
of Ca2+ induced large conformational changes of the peptides,
as the RMSDs increased to 7 Å or larger. For the simulations
with Drude-2019, the RMSDs of both Ca2+-bound and Ca2+-
unbound EF-hands were around 4 to 5 Å compared with the
crystal structure (Figure S6, and similar for the simulations
with Drude-W as shown in Figure S7). The conformational
entropies of ion-unbound states might be underestimated with
the Drude simulations, which made the binding free energy
more negative than it was supposed to be.

Calcium Coordination

The RMSDs of ion-bound states indicated that the EF-hand
loops were closer to the experimental structure in the C36m
simulations than in the Drude simulations. We further
characterized the local structures around the calcium ion by
computing their coordination numbers, which partially
correlate with the binding energies between the calcium ion
and EF-hand loops. In the crystal structure, calcium’s
coordination had almost the same pentagonal bipyramid
structure in each of the four calcium/EF-hand complexes.
With the calcium ion at the center, the side chain’s terminal O
atoms in the third (Asp) and the fifth residue (Asp or Asn),
backbone oxygen in the seventh residue, and two O atoms of
carbonyl in the last residue (Glu) form a coplanar pentagon. In
addition, the O atoms from the terminus of the first residue
(Asp) and coordinated water were the two vertexes locating
two sides of the pentagon plane, respectively. Therefore, the
coordination numbers are 7.
The coordination numbers from MD trajectories were

computed as the ensemble average of the number of heavy
atoms that were within 3.0 Å of the calcium ion, and listed in
Table 3. The final configurations of the 200 ns MD trajectories
generated with the C36m and the Drude-2019 FFs for the four
complexes were shown in Figure 5. As shown in Table 3,
coordination numbers calculated from the 200 ns MD
simulations and the 2 ns H-REMD/FEP trajectories were
very similar. The coordination numbers with the C36m FF
equaled or were slightly over 7, while those with the Drude-
2019 model were also close to or slightly less than 7.
The final configuration of the Ca2+/EF1 complex along the

C36m MD trajectory was almost the same as that in the crystal
structure (Figure 5A and B). The small fluctuation of the

coordination number was mainly due to the motion of the
coordinated water molecule and the coordination transition
between the two side-chain oxygen atoms of Asp20 (Figure
S8). Detailed analyses on the calcium coordination of the
C36m simulations were presented in the Supporting
Information Figures S8−S11. The average calcium coordina-
tion number of the EF3 was 7.4 as the side chain of Asp93
switched between monodentate and bidentate coordination
modes (Figure S10).
For the Drude-2019 simulations, although the coordination

numbers were also close to 7, a careful examination (Figures
S12−S16) revealed that the coordination included nitrogen
atoms in the EF2, EF3, and EF4 complexes. The coordination
numbers decrease to about 6 if only oxygen atoms were
included in the calculation. Commonly, one initially bound
aspartic acid residue (Asp58 in EF2, Asp95 in EF3, and
Asp133 in EF4) detached from the calcium ion, and the
nitrogen atom in the nearby Asn/Gln residues (Asn60 in EF2,
Asn97 in EF3, and Gln135 in EF4) moved closer to keep 7
coordination through monodentate or bidentate modes, as
illustrated in Figure 5F, I, and L. We note that coordinated
nitrogen atoms were not observed in configurations from
C36m FF and also barely existed in other known calcium
binding proteins. The same phenomenon was observed in the
simulations with the Drude-W parameter set (Figures S17−
S20), and the Drude-W model failed to reproduce the
coordination of a Ca2+-bound water molecule in all EF-hand
loops, which further reduced the calcium coordination
numbers. The coordination numbers were computed to be
5.4 ± 0.4, 5.4 ± 0.4, 5.2 ± 0.3, and 5.8 ± 0.3, respectively,
using the H-REMD/FEP trajectories with the Drude-W model
if only oxygen atoms were counted.
Induced Dipole Moments

The distances between Ca2+ and the side chain nitrogen and
carbon atoms of the Asn/Gln residues can be shorter than 3.0
Å during MD simulations with the Drude-2019 FF, as evident
in Figures S13D, S14E, S15F, and S16. We further investigated
the induced dipole moments of these atoms. In the Drude
simulations, a hardwall constraint33 of 0.25 Å was applied to
limit the distance between the parent atom and its Drude
particle, which effectively caps their induced dipole moments.
The threshold of the induced dipole moments for the calcium
ion and its coordinated atoms are listed in Table S4, and they
can be compared with instant induced dipoles (Figures 6 and
7) to check whether there are overpolarization effects in the
simulations.
As shown in Figure 6, the induced dipole moments of side

chain nitrogen atoms for Asn60, Asn97, and Gln135 that have
the same atom type (ND2A1) hit the threshold (2.73 D)

Table 3. Coordination Numbers of Calcium for the Four
Individual EF-Hand Loops

EF1 EF2 EF3 EF4

MD C36m 7.0 ± 0.1 7.2 ± 0.2 7.4 ± 0.3 7.1 ± 0.2
Drude-2019 6.6 ± 0.3 6.7 ± 0.3 6.8 ± 0.2 6.9 ± 0.2
Drude-2019

(oxygen
only)

6.6 ± 0.3 6.2 ± 0.3 5.9 ± 0.2 6.4 ± 0.3

C36m 7.0 ± 0.1 7.1 ± 0.2 7.1 ± 0.1 7.0 ± 0.1
FEP Drude-2019 6.6 ± 0.3 6.9 ± 0.2 6.9 ± 0.1 7.2 ± 0.2

Drude-2019
(oxygen
only)

6.6 ± 0.3 5.9 ± 0.2 6.0 ± 0.1 6.2 ± 0.2
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during the 200 ns MD simulations with the Drude-2019 FF. As
the final configurations were used in the free energy
calculations, such overpolarization effects were maintained
throughout the H-REMD/FEP simulations (Figure 7).
Improvement in the Drude force field would be needed to
avoid the Drude particles frequently hitting the hardwall
constraints,39 which in this case would be the reparameteriza-
tion of the interaction parameters between Ca2+ and the
ND2A1 atom type. It is interesting to note that the
overpolarization was manifested in their connecting atoms,
resulting in the increase of induced dipole moments of the
side-chain carbon atoms in Asn/Gln that sometimes also
reached their threshold value of 2.62 D (Figure 6).

We examined the induced dipole moments of all possible
coordinated atoms along the 200 ns MD and the 2 ns H-
REMD/FEP simulations with the Drude-2019 FF (Supporting
Information Figures S23−S31) and found that the induced
dipole moments of all coordinated oxygen atoms were lower
than the threshold values. In very rare cases the dipole
moments of carboxyl oxygen atoms of Glu were close to their
threshold value (1.74 D) in MD simulations (Figure S23).
With the Drude-W parameter set, the overpolarization effects
on the side chain nitrogen atoms in Asn/Gln were also
observed, while the induced dipole moments of side chain
carboxyl carbon atoms of Asp/Glu also frequently reached
their threshold value of 2.10 D (Figures S21 and S22).

Figure 5. Structures of Ca2+ bound with EF1 (A), EF2 (D), EF3 (G), and EF4 (J) from the crystal structure, with EF1 (B), EF2 (E), EF3 (H), and
EF4 (K) from the MD trajectories’s final snapshots with C36m force field, and with EF1 (C), EF2 (F), EF3 (I), and EF4 (L) from the MD
trajectories’s final snapshots with Drude-2019 force field.
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The total dipole moments of the side chain and the
backbone of Ca2+-coordinated residues were computed along
the Drude trajectories, as such analysis has been used to
provide physical insights in peptide dynamics.67,68 Increases in
the side chain dipole moments of Asn60 (EF2), Asn97 (EF3),
and Gln135 (EF4) were observed in 200 ns MD simulations
with the Drude-2019 FF (Figure S32), in accordance with the
increase in the induced dipole of individual side chain atoms
(Figure 6). Comparison of residue dipole moments with (λ =
1) and without (λ = 0) Ca2+ binding showed that the calcium

ion can induce strong polarization effects on the side chains
but much weaker on the peptide backbones (Figures S33 and
S34).

■ DISCUSSIONS AND CONCLUSION
The Drude polarizable force fields have been widely used to
understand the peptide folding cooperativity,67 partitioning of
small molecules,69,70 ligand−protein binding dynamics,71 and
interficial properties.72 A key motivation of this study was to
compare simulations with the experimental measurement on

Figure 6. Dipole moments of side chain carbon and nitrogen atoms for Asn and Gln in the MD simulations with the Drude-2019 force field.
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the binding free energies between calcium ion and the EF-hand
loops. We first compared the binding energies using the
experimentally determined complex structures, and found out
that the polarizable Drude-2019 FF reproduced the SAPT
calculation results, both in terms of total interaction energies as
well as each component of the interaction energies including
electrostatic, induction, exchange, and dispersion terms.
However, large deviations of the binding free energies from
the experimental values were obtained with FEP simulations

employing the Drude-2019 FF. Detailed analysis indicated that
one of the main reasons might be that the calcium
coordination geometries were distorted with the Drude FFs,
including both the Drude-2019 and the recently proposed
Drude-T and Drude-W parameter sets.40

In the crystal structure of Calmodulin, all the calcium/EF-
hand complexes have the same set of 7 coordinated atoms on
the calcium ion: 1 side chain oxygen atom of residues 1, 3, and
5; 1 backbone oxygen atom of residue 7; 2 side chain oxygen

Figure 7. Dipole moments of side chain oxygen, carbon, and nitrogen atoms for Asp, Glu, Asn, and Gln in the H-REMD/FEP simulations with the
Drude-2019 force field.
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atoms of residue 12; and 1 oxygen atom of a water molecule.
While the coordination numbers remained close to 7 in the
Drude-2019 simulations, the coordinated atoms included side
chain nitrogen atoms of Asn/Gln residues. The strong
interactions between Ca2+ and the nitrogen atoms were
associated with the overpolarization of these atoms. We note
that a high frequency of Drude particles hitting the hardwalls
violates the adiabatic nature of polarization response, which
compromises the validity of FEP calculations. Therefore, FF
refinement by introducing NBFIX and NBTHOLE terms
between Ca2+ and the ND2A1 atom type in the Drude FF is
expected to improve the modeling of the dynamics and
thermodynamics of Ca2+/EF-hand systems.
The coordination modes of residues to the calcium ion are

still controversial. In the high-resolution crystal structures of
CaM, two coordination modes were found as bidentate for
glutamic acids and monodentate for aspartic acids.42 For the
binding mode of glutamic acids, both the additive C36m and
the polarizable Drude FFs showed that the bidentate mode was
favored during simulations. The same observation was made by
the scaled-charge ECCR model.15 For the binding mode of
aspartic acids, additive force fields typically predicted bidentate
coordination, while polarizable models suggested mainly
monodentate.15,40 In our C36m simulations, aspartic acids
can form both monodentate and bidentate coordination, and
transitions between these two modes were observed in tens or
hundreds of nanoseconds (Figures S8−S10). Most of the Asp
residues in our Drude-2019 simulations were in monodentate
binding mode, with an exception of Asp93 in the EF3.
Recently, Oliveira et al. obtained the free energy profile along
with carboxylate carbon−cation distance for the calcium ion,
and showed that Ca2+ were equally stable in monodentate and
bidentate geometries.73 More relevant experiments as well as
computational studies with accurate models are needed to
investigate the binding modes of amino acid residues to the
calcium ions.
A recent study of the same Ca2+/EF-hand systems by Zhang

et al.74 showed that the polarization and charge transfer effects
occur not only in the coordinating residues but also for the
residues that are not actively involved in Ca2+ coordination.
They also showed that the water molecule was important to
maintain the pentagonal bipyramidal geometry. In our work,
we found no water molecule coordinated with the calcium ion
in the Drude-2019 force field, possibly due to the excessively
strong interactions between Ca2+ and side chain nitrogen
atoms of Asn/Gln residues. It would be interesting to see
whether the finetuning of this type of interaction would lead to
significantly better description of the structure and thermody-
namics of calcium binding to CaM EF-hand loops. Our work
demonstrated that the Ca2+/EF-hand systems are useful and
challenging model systems to test the accuracy of force field
models for metal ions and ion binding sites in proteins.
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