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ABSTRACT: We report the ﬁrst parameters of the heme redox cofactors for the polarizable AMOEBA force ﬁeld in both the
ferric and ferrous forms. We consider two types of complexes, one with two histidine side chains as axial ligands and one with a
histidine and a methionine side chain as ligands. We have derived permanent multipoles from second-order Møller−Plesset
perturbation theory (MP2). The sets of parameters have been validated in a ﬁrst step by comparison of AMOEBA interaction
energies of heme and a collection of biologically relevant molecules with MP2 and Density Functional Theory (DFT)
calculations. In a second validation step, we consider interaction energies with large aggregates comprising around 80 H2O
molecules. These calculations are repeated for 30 structures extracted from semiempirical PM7 DM simulations. Very
encouraging agreement is found between DFT and the AMOEBA force ﬁeld, which results from an accurate treatment of
electrostatic interactions. We ﬁnally report long (10 ns) MD simulations of cytochromes in two redox states with AMOEBA
testing both the 2003 and 2014 AMOEBA water models. These simulations have been carried out with the TINKER-HP (High
Performance) program. In conclusion, owing to their ubiquity in biology, we think the present work opens a wide array of
applications of the polarizable AMOEBA force ﬁeld on hemeproteins.

I. INTRODUCTION

ferrous and ferric forms of the iron cation can be stabilized by
the complex. This ensemble of structural and redox properties
confers distinct biological functions to hemeproteins. Intensive
research in both experiments1−4 and theoretical simulations5−14
have been done to unravel the molecular mechanisms
associated with the biological functions of hemeproteins.
Focusing on the modeling of the redox properties of
hemeproteins, much progress has been realized over the past
two decades.7,8,10,15,16 Computational modeling is essential in
this research ﬁeld to help understand the variability of redox

Hemeproteins play important roles in diverse biological
functions including transportation or storage of dioxygen
(e.g., hemoglobin, myoglobin, neuroglobin), electron transport
(e.g., cytochromes), or in enzymatic reactions (e.g., cytochromes P450). This remarkable diversity of functions results
from the speciﬁc chemical structure of the heme motif, which
consists of an iron cation chelated by the four nitrogen atoms of
a deprotonated porphyrin ligand. The iron cation arranges in an
almost planar geometry with one or two ligands completing the
coordination sphere in axial position. The axial ligand may
either be amino acid residues, typically histidine or methionine
side chains, or exogenous ligands (O2, NO, H2O...). Both the
© 2018 American Chemical Society
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to the computational cost of such simulations with common
computer codes. Indeed, as one can expect, such a sophisticated
FF is far more expensive than standard force ﬁelds developed to
study biomolecules. In that regard, noticeable algorithmic
developments in the Tinker-HP (High-Performance) software49 have been carried out by some of us which enable long
(>100 ns) MD simulations on biological systems with
AMOEBA.50,51 The development of AMOEBA FF parameters
of heme is therefore timely. We report here to the best of our
knowledge the ﬁrst sets of AMOEBA parameters for the heme
cofactor in both the ferric and ferrous states.
The details of the parametrization procedure will be given in
section II. The sets of parameters will be validated against
quantum chemistry calculations in section III. The results show
a clear improvement of interaction energies between heme and
surrounding molecules compared to point-charge FF. Finally,
we will report in section IV, to the best of our knowledge, the
ﬁrst nanosecond MD simulations of a cytochrome with
AMOEBA as implemented in TINKER-HP.49

properties of diﬀerent hemeproteins. For example, one can
rationalize variations of redox potentials or of reorganization
energies of hemeproteins from the secondary structure of the
protein. Indeed, the presence of charged or polar chemical
groups is important in determining the free energies of
oxidation of hemes. It is now well documented that the
redox properties of hemeproteins depend not only on the
structure of the heme cofactor but also on the structure and on
the dynamics of the protein matrix and on the hydration level
of the proteins.17 When interested in evaluating redox
potentials or electron transfer rates, a particularly powerful
approach consists of combining quantum mechanical (QM)
methodologies to molecular dynamics (MD) simulations with
molecular mechanics (MM) methodologies (i.e., classical force
ﬁelds). We refer the reader to recent review papers detailing the
diﬀerent strategies employed so far in the literature to evaluate
redox properties of proteins. 15,18,19 There are several
parameters that impact the accuracy of computed redox
properties: (i) the choice of the QM method to evaluate the
intrinsic propensity of heme to lose an electron (ionization
potential), (ii) the accuracy of the force ﬁeld (FF) to describe
the environment and its interaction with the heme, and (iii) the
extensiveness of the conformational sampling of the proteins in
the diﬀerent redox states. Even though much progress has been
realized in past decades in terms of the accuracy of redox
property computations, numerical approaches are still far from
reaching experimental precision. For instance, uncertainties of a
few millivolts on the redox potentials which are reachable by
electrochemical means correspond to an accuracy of less than 1
kcal/mol on free energies of oxidation. A key challenge is to
accurately describe electrostatic interactions between the heme
cofactor and its environment (protein, water, counterions...).
Indeed the change from the +II to +III (or vice versa) induces
signiﬁcant conformational rearrangements of the environment.
Previous studies showed that inclusion of electrostatic
induction in classical FFs is mandatory to capture reorganization of surrounding atoms.17,20−22 Indeed, the associated
reorganization energy is related to the optical dielectric
constant of the medium and can only be reproduced by
polarizable FFs.8,15,18 Another fundamental limitation of
standard FFs is the monopolar representation of the permanent
electron cloud of molecules.
Force ﬁeld parameters for heme have been proposed for
various nonpolarizable FFs.23−30 In this work, we are interested
in the Atomic Multipole Optimized Energetics for Biomolecular Applications (AMOEBA) force ﬁeld implemented in the
Tinker program package (version 7.1.2).31 AMOEBA stands as
a highly accurate FF for water32,33 and for ion hydration34−38
and to reproduce the structures and thermodynamics of organic
molecules and biomolecules.39−43 The AMOEBA water model
was also compared to the Drude polarizable force ﬁeld44 to
evaluate reorganization free energy for electron self-exchange in
aqueous Ru(II)−Ru(III).45 Electrostatic interactions between
permanent charge distributions are accounted for by sets of
permanent monopolar, dipolar, and quadrupolar moments
centered on atoms. Moreover, AMOEBA implements an
induction model which allows reproduction of the anisotropy
and the nonadditivity of the molecular polarization response.
Furthermore, recent developments have introduced short-range
penetration corrections between molecules.46−48 We are not
aware of any MD simulation of hemeproteins carried out with
AMOEBA, a situation undoubtedly related on one hand to the
lack of parameters for the heme cofactor and on the other hand

II. METHODOLOGY
II.A. The Amoeba Potential Energy Model. The
functional form of the potential energy computed by AMOEBA
is given by eq 1:
U = Ubond + Uangle + Ucross + Uopp + Utorsion + UvdW
perm
ind
+ Uele
+ Uele

(1)

The ﬁrst ﬁve terms are the valence interactions including
bonds, angles, bond-angle cross coupling terms, out-of-plane
deformations, and torsional rotations. AMOEBA uses mathematically ﬂexible expressions that go beyond the harmonic
approximation for the intramolecular terms. These terms have
the same functional forms as those used by the MM3 force
ﬁeld.52 Analytical expressions for each of these terms can be
found in ref 39. The last three terms of eq 1 gather
intermolecular interactions. Uvdw refers to van der Waals
interactions and is calculated with Halgren’s buﬀered 14−7
function. This function yields a repulsive region softer than the
Lennard-Jones 6−12 function but steeper than typical
Buckingham exp-6 formulations. Uperm
ele collects the electrostatic
interactions between permanent multipoles. Monopoles, dipole
vectors, and quadrupole tensors are positioned on each atom
site in order to reproduce the molecular electrostatic potentials
accurately. These permanent atomic multipoles are deﬁned
with respect to local frame and maintain a constant orientation
during simulations. Finally, Uind
ele refers to interactions between
permanent charges and induced dipoles. Atomic polarizabilities
are included to determine induced dipole moments on each
polarizable site. Electronic induction is achieved via an
interactive atomic dipole induction scheme.51 The induced
dipole at site i further polarizes all other sites until the induced
dipoles at each site reach convergence. The simulations use a
preconditioned conjugate gradient solver coupled to Kolafa’s
Always Stable Predictor-Corrector (ASPC) algorithm.53 To
avoid the polarization catastrophe phenomenon, AMOEBA
employs Thole’s short-range damping method.54 In the present
work, we do not include short-range penetration corrections.46,48
II.B. Parametrization Strategy. We have followed the
standardized parametrization protocol of AMOEBA FF.55 As
recalled in the Introduction, the coordination sphere of Fe in
heme can encompass various chemical groups depending on
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Figure 1. Heme structure, ligand models, and atom deﬁnitions for the parametrization procedure.

analogous atoms of the ﬁve-membered ring of the tryptophan
residue. NE1 is nitrogen atoms pertaining to the azole ring,
CE2 is sp2’s of the azole cycle linked to NE1 and to one sp3
carbon and one sp2 carbon. Finally, CD2 is sp2’s of the azole
cycle linked to two other sp2 carbon atoms. The valence
parameters (bond stretching, angle bending, torsions, van der
Waals, and polarizabilities) were taken from the set without
modiﬁcation. The van der Waals and atomic polarizability for
Fe were taken from the work of Semrouni et al. for the ferrous
state.34 The same van der Waals parameters are here for both
the ferrous and ferric state. This has been common practice for
simulations of hemeproteins using more standard force
ﬁelds.18,27 We actually think that for iron cations nested at
the heart of the porphyrin ligand in well-deﬁned coordination
spheres, the diﬀerences of nonbonding interactions between
the two redox states can be captured by adequately tuned sets
of multipoles on the metal ion and its coordination sphere. This
methodological strategy will be validated extensively in sections
II and III.
A central aspect of the parametrization procedure is the
ﬁtting of multipoles for PFe. The sets of multipoles have to be
diﬀerent in the ferrous and ferric redox states. To that end, we
have optimized the geometry of the [PFe-ImMe-EMS] complex
by DFT calculations with the OPTX-PBE functional57,58 and
the DZVP-GGA basis set.59 These calculations have been
carried out with deMon2k.60 To avoid spurious electronic
delocalization between the iron cation and the carboxylate
functions, the latter have been protonated during geometry
optimizations. The OPTX-PBE functional has been chosen for
its good performance to reproduce the electronic energies of
diﬀerent spin states in transition metal complexes.61,62
deMon2k relies on auxiliary ﬁtted densities to calculate the
Coulomb and exchange correlation energies and potentials.63
The auxiliary basis sets are automatically generated by the
program.59 We chose the GEN-A2 for H and C, and the more
ﬂexible, therefore more accurate, GEN-A2* for Fe, N, and S.
Geometry optimizations have been conducted in the singlet,
triplet, and quintet spin states for the ferrous state and in the
doublet, quartet, and sextet spin states for the ferric state. We

the protein of interest. For example, the Fe cation can be
coordinated by one or two histidine residues (e.g., cytochrome
P450 or cytochrome b5), by one histidine and one methionine
residue (cytochrome c551), or by histidine and small ligands
(like O2, NO...). These diﬀerent coordination spheres would
necessitate distinct sets of parameters. In this work, we are
primarily interested in six-coordinated hemes with either two
histidines or one histidine and one methionine axial ligand.
Such coordination patterns are, for instance, frequently
encountered in cytochromes or globins. In our ﬁrst parametrization attempts, we considered the full six-coordinated
complexes; however, we experienced diﬃculties in obtaining
reliable multipoles, and we therefore decided to adopt another
strategy. Our approach consists of parametrizing the fourcoordinated iron porphyrin (PFeII/III), on one hand, and the
axial ligands separately. This approach is justiﬁed when the axial
ligands are either histidine or methionine residues by the fact
that charge transfer from the iron cation toward the ligand is
rather small. Indeed, charge transfer from the axial ligands to
the iron-porphyrin complex amounts to 0.05 e− and 0.15 e− in
the ferrous and ferric states respectively, based on Density
Functional Theory (DFT) calculations combined with the
iterative Hirshfeld56 electronic population scheme (Table S1).
We expect the multipolar description of the FF to describe
suﬃciently well the interaction between PFe and the axial
ligands. The chemical structure of the PFe group used during
the parametrization protocol is depicted in Figure 1. This PFe
group has been further truncated into three fragments as shown
in the ﬁgure. The amino acid backbone atoms of histidine and
methionine have been modeled as methyl-imidazole (ImMe)
and ethyl-methyl-sulﬁde (EMS), respectively. Note that this
strategy also assumes that no spin density is transferred from
the iron porphyrin core to the axial ligands (see Table S1).
Figure 1 depicts the atom types for all atoms. For the
intramolecular terms, the atom types and classes of PFe atoms
and the two ligands have been deﬁned by analogy with
parameters from the AMOEBA-2013 FF for proteins.43 For
example, the AMOEBA classes and types of atoms CD2, CE2,
and NE1 within the porphyrin ligand were transposed from the
2707
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Figure 2. Geometries of heme interacting with molecules used in the validation of the AMOEBA FF parameters. Picture made with VMD.78

have found the singlet and doublet spin states to be the most
stable for ferrous and ferric redox states, respectively, by 0.72
and 0.57 eV. We have restricted our parametrization procedure
to these two spin states.
After geometry optimization, the structures have been
fragmented according to the partition of Figure 1. Hydrogen
atoms have been added at the cutting positions between the
porphyrin ring and the propionate groups, and we have

reoptimized the hydrogen atom positions. Following the
AMOEBA parametrization procedure, single point calculations
of each fragment have been performed at the MP2/cc-pVDZ
level of theory with Gaussian 09.64 The ground states of fourcoordinated iron-porphyrins are of intermediate spin. MP2
calculations on the fragments have been carried out in the
lowest spin state to be consistent with the lowest spin state of
the six-coordinated iron-porphyrin. The Distributed Multipole
2708
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out at the DFT level, freezing the geometry of the heme
partner, and optimizing only the internal geometry of partner
M. In these restrained optimizations, we have eventually further
imposed the distances between the two partners to a given
value. Basis set superposition error corrections have not been
computed. The list of molecules includes H2O, CH3CH2NH3+
(a model of lysine side chain), CH3COO− (a model of
aspartate and glutamate side chains), phenol (a model of
tyrosine side chain), and the chlorine and sodium ions. This is a
list of representative types of interactions one can ﬁnd in
hemeproteins between the heme cofactors and its environment.
In particular, charged or polar residues are known to play a
special role in determining redox properties. For example, in
ﬂavohemoglobin, a lysine residue is hydrogen bonded to one
propionate group of the heme,70,71 and a glutamate residue
interacts with axial histidine residues.70 Tyrosine residues have
also been found to interact with heme propionates, for instance,
in cytochrome c oxidase.72 It is therefore important to assess
whether the parameters developed in this work are able to
accurately reproduce the associated interaction energies. The
various supramolecular complexes are depicted in Figure 2.
Two types of QM calculations have been carried out, relying
either on DFT (B3LYP73) or on MP2. Note that we have
tested B3LYP-D3 calculations for some complexes and found
negligible eﬀects of dispersion on the computed interaction
energies. We mention that convergence of Hartree−Fock or
the DFT self-consistent ﬁeld of deprotonated heme is tedious
in the gas phase, especially for the ferric state. Indeed, the
terminal propionate groups tend to be oxidized instead of the
iron cation, eventually causing severe self-consistent ﬁeld
(SCF) convergence issues and unexpected electronic structures.
It was therefore not always possible to obtain QM results for
some geometries. MP2 single-point calculations have been
performed within the Resolution of the Identity (RI) approach
using the TZVP basis set for all atoms with the Turbomole 7.1
program.74 DFT single-point energies have been calculated
with deMon2k at the B3LYP/TZVP level (DZVP-GGA for Fe)
and with the auxiliary function set GEN-A2* for all atoms. An
adaptive grid of accuracy 10−8 Ha was deﬁned to integrate the
exchange correlation energy and potential.75 Exact exchange
was computed via a variational ﬁtting of the Fock potential.76
For the FF calculations, the interaction energies with
AMOEBA have been computed with the ANALYZE program
from the TINKER package. The parameters of the small
molecules and ions are taken from the AMOEBA-2013
parameter set for proteins. For H2O, two versions of the
AMOEBA water model, water0332 and water14,33 are tested.
For CH3CH2NH3+ and CH3COO−, sets of multipoles have
been determined with the previously described procedure for
the heme. The energies entering eq 2 were calculated with eq 1
(AMOEBA). The AMOEBA interaction energies therefore
include energy diﬀerences from the van der Waals, permanent
electrostatic, and induction contributions to the energy. We
have also tested a nonpolarizable FF based on the permanent
point charge model. For this FF, the reported interaction
energies include van der Waals contributions calculated with a
12−6 Lennard-Jones potential and a charge−charge Coulomb
interaction. The parameters of vdW are taken from the
CHARMM for ferrous heme.27 The punctual charges have been
derived by an iterative Hirshfeld (IH) population analysis56 as
implemented in deMon2k.77 For water, the IH charges are
close to those given by the TIP3P water model. All the
computed interaction energies can be found in Table S2.

Analysis (DMA) has been carried out from the MP2 electron
density using the GDMA program (version 2.2.11) and the
original DMA algorithm.65−68 The default relative atomic radii
used in the DMA algorithm have been chosen except for
hydrogen, for which a value of 0.31 has been chosen. This value
was previously shown to be appropriate to avoid erroneous
charges during the DMA procedure.69
The POLEDIT program available in Tinker31 has been
subsequently run on the GDMA outputs with the suggested
polarizability values. All atoms are placed into a single
polarization group by default. This resulting version of
multipoles is obtained directly from the DMA procedure.
This set of parameters will be referred to as “AMOEBA DMA.”
Another approach to derive atomic multipoles involves an
optimization against the QM electrostatic potential around the
system. The AMOEBA DMA multipole values have been used
as starting values to the ﬁtting against the MP2/cc-pVDZ
electrostatic potential. The DMA partial charges are held ﬁxed
during the potential ﬁtting process, while dipoles and
quadrupoles are readjusted. The ﬁnal gradient convergence
value has been set to 0.5 kcal mol−1 electron−2 to avoid
overﬁtting. Indeed, a tighter convergence criterion can lead to
multipoles that depend strongly on the geometry used for the
extraction, and therefore that are less transferable. We will refer
to this second set of parameters as “AMOEBA FIT.” Finally,
according to the deﬁned atom types, the multipole values have
been averaged over the equivalent atoms. The procedure was
carried out for each fragment. Two versions of each multipole
set have been created for both ferrous and ferric states. At the
end, all the fragments have been combined by removing excess
hydrogens, and the global charge has been adjusted to be −2
and −1 for ferrous and ferric states, respectively. In summary,
four parameter sets have been generated and named FeII
AMOEBA DMA, FeII AMOEBA FIT, FeIII AMOEBA DMA,
and FeIII AMOEBA FIT. They will be now tested against
quantum mechanical calculations. The parameters are available
in the SI.

III. VALIDATION AND SIMULATIONS
In section III, we validate the diﬀerent AMOEBA parameter
sets on the calculation of interaction energies between the
heme and its environment. We start by gas phase interaction
energies (IE) between the [PFe-ImMe-EMS] complex and
diﬀerent molecules relevant to biological systems. We continue
by calculating IE with large clusters of water molecules. We also
address the transferability of our parameters for the [PFe(ImMe)2] complex. We ﬁnally conclude the section by the
adjustment of the internal bond and valence angle terms to
tune the geometry of the iron ﬁrst coordination shell.
III.A. Computational Details. As a ﬁrst test of the sets of
AMOEBA parameters, we here report interaction energies
between the [PFe-ImMe-EMS] and various molecules in the
gas phase. The IE between the iron complex and a molecule
(M) is deﬁned as
ΔE int = E([PFe, M]) − E([PFe]) − E(M)

(2)

where E([PFe,M]) is the energy of the supramolecular complex
and E([PFe]) and E(M) are the energies of the two fragments.
For each supramolecular system, the geometry has been
constructed by associating the [PFeII−ImMe−EMS] complex,
geometrically optimized in the absence of the partner M, with
the geometry of the fragment. A restrained geometry
optimization of the supramolecular ensemble has been carried
2709
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Figure 3. Heme−water interaction energies (kcal/mol) of the diﬀerent geometries represented in Figure 2. Left, results of ferrous state; right, results
of ferric state.

Table 1. Interaction Energy Diﬀerences in kcal/mol Obtained at the Various Computational Levels with Respect to the MP2/
TZVP Reference
geometry

B3LYP

IH

AMOEBA DMA + water14

A
B
C
D
E
F
G

0.03
0.11
0.19
0.14
1.03
0.49
1.48

0.61
0.85
0.00
0.01
1.14
2.02
0.42

1.86
1.13
0.30
0.20
1.67
1.99
3.62

A
B
C
Da
E
F
G

n.c.b
n.c.
n.c.
n.c.
n.c.
n.c.
n.c.

0.07
0.60
0.06
0.00
0.86
2.85
0.00

1.28
0.70
0.14
0.12
0.74
2.19
3.36

AMOEB FIT + water14
HEME(FeII) − H2O
1.28
1.02
0.28
0.19
2.13
2.04
3.80
HEME(FeIII) − H2O
0.95
0.69
0.15
0.12
0.34
2.16
3.73

AMOEBA DMA + water03

AMOEBA FIT + water03

4.72
1.10
0.26
0.17
1.61
2.03
4.92

4.18
1.03
0.25
0.16
2.10
2.04
4.83

3.83
0.65
0.13
0.11
0.69
2.30
3.81

3.48
0.64
0.14
0.11
0.30
2.26
4.10

a

Neither MP2 nor B3LYP calculations converged for geometry D in the ferric state. For this series, IH is taken arbitrarily as a reference. bThe B3LYP
SCF could not converge.

III.B. Interaction between Heme and Single Molecules. Heme−Water. We start our discussion with results on
IE between heme and a water molecule (see Figure 2a−d).
Geometries a correspond to a water molecule engaged in
hydrogen bonding with one propionate side chain with
diﬀerent lengths (1.8 Å for A, 3.0 Å for B, 6.0 Å for C, 8.0 Å
for D). Geometry b,E corresponds to a hydrogen-bond
interaction from the NH group of ImMe toward the oxygen
atom of water. The equilibrium distance resulting from
geometry optimization with DFT amounts to 2.4 Å. Geometry
c,F corresponds to a weak OH−π interaction between one C
C double bond of heme and one hydrogen atom of water, with
an interaction distance of 3.0 Å. Finally, geometry d,G involves
a double hydrogen-bond interaction with the water bridging the
two propionate side chains with the O−H distances amounting
to 2.1 and 2.9 Å. Results are plotted in Figure 3. For geometries
A to D, all the methods give the same trend. As expected, the
interaction becomes less favorable as the distance increases.
The interaction energy diﬀerences for each method with
respect to MP2 are provided in Table 1. For geometries C and
D, in which the hydrogen bond is weak (>3 Å), all the methods

give an IE within 0.3 kcal/mol to that given by MP2. For such
long-distance interactions, a monopolar description of the
electron density is likely to be valid and therefore accounts for
the convergence of nonpolarizable and AMOEBA FF results.
For geometries A and B, the diﬀerences are more signiﬁcant
between the methods. Among them, the IH results are the
closest to MP2 with an error of less than 1.0 kcal/mol. For
AMOEBA calculations on geometry B, all parameter sets give
similar results. For geometry A, a larger error is found with the
water03 model. A plausible explanation for this discrepancy
may be the lack of correction for penetration eﬀects.46 These
eﬀects are not taken into account by the version of the
AMOEBA FF used in this work. On the other hand, the
water14 model is able to signiﬁcantly reduce the error with
respect to MP2 due to the reparameterization of the
electrostatic term.
For geometry E, the results for IH and AMOEBA are almost
similar. The diﬀerences of IE with respect to MP2 are ca. 2
kcal/mol for the ferrous state, while they are only ca. 0.7 kcal/
mol for the ferric state. The results with the diﬀerent FFS for
geometry F are similar for the ferrous state with a diﬀerence at
2710
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Figure 4. Heme−ions (Na+ and Cl−) interaction energies (kcal/mol) of the diﬀerent geometries represented in Figure 2. Left: results for the ferrous
state. Right: results for the ferric state. B3LYP calculations for the ferric states are not reported because of self-consistent-ﬁeld convergence issues.

We now turn to interaction with chlorine (Figure 2).
Geometries A, B, and C correspond to interaction with the
ImMe, while geometry D corresponds to a weak dispersive
interaction between Cl− and one CC bond or the porphyrin
ring. Results are shown in Figure 4 (panels c and d). We remark
that as a consequence of the overall −2 or −1 charge of the
heme complex in the ferrous and ferric states, the interaction
energies with the chlorine anion are almost always positive.
Nevertheless, in actual biosystems, other interactions with
positively charged residues may counterbalance the repulsive
interaction with heme so that anions may still approach them. It
is therefore important to test the capability of the AMOEBA
parameters to correctly describe the electrostatic interactions
between heme and anions. For geometries A, B, and C,
AMOEBA reproduces the increase of IE with the distance
between heme and Cl−. The diﬀerence between AMOEBA and
MP2 amounts to 2 kcal/mol in the ferrous states and is a little
bit larger in the ferric state. The IH curves exhibit, on the other
hand, opposite trends, failing to reproduce even qualitatively
the evolution of IE provided by QM methods. We could trace
back this discrepancy in the unbalanced treatment of
electrostatic and Lennard-Jones interactions. AMOEBA provides a better description of the noncovalent interaction
between atomic anions and heme. For geometry D also,
AMOEBA gives better results for the ferrous state than IH by
ca. 21 kcal/mol. This large diﬀerence can be mainly due to the
interaction with the CC bond. Here again, we see the
advantage of using a polarizable force ﬁeld.
Heme−CH3CH2NH3+. As shown in Figure 2, geometries (i)
A, B, C, and D represent hydrogen-bonded interactions

ca. 1.6 kcal/mol. However, regarding the ferric state, AMOEBA
gives a diﬀerence of 2.1 kcal/mol, while IH has a diﬀerence of
2.9 kcal/mol. For geometry G, the error for both states is ca. 3.5
and 5 kcal/mol for the water14 and water03 parameters,
respectively. As for geometry A, we ﬁnd that the water14 model
seems to perform better, and the nonpolarizable model gives as
accurate results.
Heme−Atomic Ions. Five geometries were created to test
the accuracy of the interaction with the sodium cation. As
shown in Figure 2e, we have investigated interactions with
either the propionates groups (A, B, C, or D) or the sulfur atom
of the EMS ligand (E). The results obtained with the diﬀerent
computational methods are plotted in Figure 4 for the ferrous
and ferric states (panels a and b, respectively). For the A, B, C,
and D series, the interaction becomes less favorable with
increasing the distance, while the diﬀerence between the
various methods decreases. This is similar to what was found
for the interaction with H2O. For geometries C and D in the
ferrous state, all methods are within 4 kcal/mol of the MP2
values. The energy diﬀerences are larger (ca.7 kcal/mol) for the
ferric state. For geometries A and B, IH gives good results with
errors lower than 5 kcal/mol. With the AMOEBA FF, we
obtain diﬀerences around 19 and 9 kcal/mol for geometries A
and B, respectively. For geometry E, AMOEBA gives a
diﬀerence of 14 and 7 kcal/mol with respect to MP2 for the
ferrous and ferric states, respectively. For this type of
interaction involving a large and polarizable group (thioether),
AMOEBA represents a clear improvement over nonpolarizable
FF for which diﬀerences larger than 55 kcal/mol are found.
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Figure 5. Heme−molecule interaction energies (kcal/mol) of the diﬀerent geometries represented in Figure 2. Left: results for the ferrous state.
Right: results for the ferric state. Missing points for quantum mechanical methods (MP2 and/or B3LYP) are due to self-consistent-ﬁeld convergence
issues.

Heme−CH3COO−. Geometries A, B, C, and D involve a
hydrogen bond between ImMe and CH3COO− with increasing
length (Figure 2k). The values of the interaction energies are
plotted in Figure 5. At long distances, all the FF results are very
close to the QM based method (<0.1 kcal/mol), for both redox
states. When decreasing the hydrogen bond length, the
interaction between the two anionic partners becomes less
unfavorable. AMOEBA as well as IH adequately reproduce the
trend provided by MP2 or B3LYP. One noticeable exception is
geometry A, which is overstabilized with a simple point-charge
model (IH).
Heme-Phenol. As shown in Figure 2l, geometries A, B, and
C represent the hydrogen-bond interaction between the phenol
and the propionate side chain of heme. Interaction energies are
given in Figure 5. We ﬁrst remark on a systematic diﬀerence of
6.5 kcal/mol between MP2 and B3LYP for the ferrous state,
which is diﬃcult to interpret. The IH results are close to the

between the propionate side chain of heme and CH3CH2NH3+
with increasing length. Geometry D involves an interaction
with the thioether. The values of the interaction energies are
plotted in Figure 5a for the ferrous state and 5b for the ferric
state. Overall, we ﬁnd that AMOEBA gives a satisfactory
treatment of the interaction between this cationic organic
species and the heme. IH also gives good results for geometries
A, B, and C; however, it fails for geometry D with a diﬀerence
ca. 50 kcal/mol with MP2. This ﬁnding is reminiscent of the
diﬃculty of treating the interaction between Na+ and the
thioether ligand, illustrating again the advantage of FF relying
on a balanced treatment of electrostatic interactions involving
permanent multipoles and induced dipoles. That said, like for
geometry D, it is probably not likely to be encountered often in
the course of MD simulations owing to the short distance
between the two interacting partners.
2712

DOI: 10.1021/acs.jctc.7b01128
J. Chem. Theory Comput. 2018, 14, 2705−2720

Article

Journal of Chemical Theory and Computation

Results are summarized in Table 2 for PBE0 and in Table S4
for PBE and B3LYP. The full list of IE is given in Table S5. For

B3LYP ones, while the AMOEBA results lie in between the
B3LYP and MP2. For the ferric state, we could not converge
either MP2 or DFT calculations of the heme cofactor. A similar
trend than the ferrous state is obtained with the three FFs.
Summary. In summary, AMOEBA is globally in good
agreement with QM methods (MP2 and DFT). This is
especially true for interaction with highly polarizable groups
such as S, CC double bonds, or anions like Cl−. Finally, no
large diﬀerence has been observed between the two sets of
multipoles (DMA or FIT). We can observe that the FIT
version gives slightly better results than the DMA one by ca. 1
kcal/mol. For short distances, larger deviations between
AMOEBA and QM have been found.
III.C. Heme within Droplets of Water. In the previous
section, we validated our AMOEBA parameters looking at
interaction energies between the [PFeII/III−ImMe−EMS]
complex and various molecules. We now address collective
eﬀects by computing interaction energies between the
[PFeII/III−ImMe−EMS−(H2O)6] complexes and a large
ensemble of water molecules. Note that we have included six
water molecules around the propionate moieties of the heme to
avoid spurious oxidation by the FeIII cation. We also address in
this section the transferability of the parameters to the
description of the [PFeII−(ImMe)2−(H2O)6] complex.
In a preliminary step, MD simulations have been carried out
with the PM7 semiempirical method and the CUBY4
environment.79 Details of the PM7MD simulations can be
found in the SI. The heme complexes ([PFeII−ImMe−EMS]
and [PFeII−(ImMe)2]) are embedded in droplets of water
comprising around 1850 water molecules. After geometry
optimization, MD simulations have been carried out for 80 ps.
Interaction energies have been computed according to eq 2
with energies calculated using deMon2k (DFT) or Tinker
(AMOEBA). The normalized autocorrelation functions of the
IE obtained with AMOEBA approach zero in periods of a few
hundreds of femtoseconds to a few picoseconds (Figure S1).
Consequently, we have extracted snapshots for subsequent
interaction energy calculations every 2 ps during the last 60 ps,
leading to a total of 30 geometries for each complex that can be
considered as uncorrelated. To make the DFT level tractable,
the geometries have been pruned to retain only the water
molecules within less than 8 Å from the iron cation. The
pruned geometries typically comprise 75 to 80 H2O (for a total
of 330 atoms on average). To carry out these computationally
very intensive calculations, the Coulomb, local exchangecorrelation, and nonlocal exact exchange contribution to the
Kohan−Sham potential have been computed with auxiliary
ﬁtted quantities.63,76 We have used the DZVP-GGA/GEN-A2*
combination of atomic orbital and auxiliary basis sets. The grid
accuracy to integrate the exchange correlation energy and
potential has been set to 10−8 Ha. Calculations have been
carried out with B3LYP,73 PBE,58 and PBE0.80 For complexes
in the ferrous states, SCF convergence has been reached with a
tolerance of 10−7 Ha on the SCF energy and 10−6 on density
ﬁtting coeﬃcients. For the ferric state, SCF convergence is
much more diﬃcult to obtain on all the complexes, and
tolerance thresholds have been set to 10−4 Ha and 4.10−4 for
some of them. However, we have veriﬁed on nine geometries
for which tight convergence could be reached up to 10−7 Ha
and 10−6 respectively, that the computed interaction energies
are within 0.05 kcal/mol of those obtained with the looser 10−4
Ha and 4.10−4 convergence thresholds (Table S3).

Table 2. Average Interaction Energy (kcal/mol), Standard
Deviation, RMSE, and Linear Correlation Coeﬃcient
between DFT (PBE0) Results and Force Field Results
AMOEBA

IH
⟨ΔIE⟩
σ(ΔIE)
RMSE
R2

−26.36
14.72
30.07
0.70

⟨ΔIE⟩
σ(ΔIE)
RMSE
R2

−25.84
13.26
28.91
0.71

⟨ΔIE⟩
σ(ΔIE)
RMSE
R2

39.27
17.68
42.94
0.62

DMA

FIT

DMA

FIT

water14

water14

water03

water 03

[PFeIIImMe−EMS−(H2O)6]
0.95
2.27
1.91
8.35
8.06
11.82
8.26
8.25
11.77
0.86
0.87
0.73
[PFeIIIImMe−EMS−(H2O)6]
−3.74
−2.46
−4.37
7.82
7.57
10.02
8.52
7.80
10.73
0.87
0.88
0.78
[PFeII−(ImMe)2−(H2O)6]
13.04
14.84
14.02
7.18
7.22
8.41
14.82
16.44
16.27
0.94
0.94
0.93

3.29
11.55
11.83
0.74
−2.93
10.06
10.26
0.78
15.91
8.57
18.00
0.93

each complex, we report the average diﬀerence between the
DFT and force ﬁeld interaction energies (⟨ΔIE⟩) over the
series and the associated standard deviation (σ(ΔIE)). We also
report the Root-Mean-Square Error (RMSE) and the linear
correlation coeﬃcient between DFT results and FF results
(R2). We start by remarking noticeable diﬀerences among DFT
methods for the [PFeII−ImMe−EMS−(H2O)6] complex. On
one hand, PBE and PBE0 give similar IEs, with an average
diﬀerence of ca. 3 kcal/mol. On the other hand, interaction
energies calculated with B3LYP are shifted by 30 kcal/mol with
respect to both PBE and PBE0 (Table S4). This discrepancy
among various DFT XC functionals is large and illustrates the
diﬃculty of obtaining reference values for validating our FF
parameters. Recent benchmark calculations of relative energies
of large water clusters against CCSD(T)/CBS (Complete Basis
Set Limit) showed the sensitivity of such computations with
XC functionals.81 The authors recommended the use of rangeseparated hybrids (ωB97XD82 or LC-ωPBE-D383,84) or metaGGA global hybrids (M05-2X85) for this type of calculation.
These classes of DFT functionals are not currently available in
the version of deMon2k we are using. PBE0 was ranked before
PBE and B3LYP in this study, and we will mainly base our
discussion on the PBE0 results.
We start our discussion with the [PFeII/III−ImMe−EMS−
(H2O)6] complex. The interaction energies computed with the
nonpolarizable FF (using IH charges) lead to an average shift
larger than 23 kcal/mol with respect to the PBE0 results. The
scattering of the computed data is also large. As can be seen in
Figure 6 (top, black points) the agreement with DFT is poor.
This is reﬂected by a correlation coeﬃcient of only 0.7. IEs
obtained with AMOEBA are much more satisfactory, as seen
from the ﬁgure and from the values of R2. The agreement
between AMOEBA and DFT (either PBE or PBE0) is
especially good when we use the 2014 AMOEBA water
model with R2 approaching 0.9. The RMSE drops from 30 to
8.2 kcal/mol between the nonpolarizable FF and AMOEBA.
These are very satisfactory results, indicating that moving from
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limited. We emphasize that the same heme parameters are used
in both series and that only the water model is changed. For the
energies of present interest, the accuracy of the 2014 water
model is superior. We note small diﬀerences between results
obtained with either DMA or FIT sets of multipoles. Very
similar conclusions can be drawn for the [PFeIII−ImMe−
EMS−(H2O)6] complex with a better agreement of computed
interaction energies with AMOEBA using the 2014 water
model. Finally, for the [PFeII−(ImMe)2−(H2O)6] complex, we
ﬁnd that correlation between AMOEBA and DFT is much
better than with nonpolarizable FF (R2 = 0.94 vs 0.62). In
summary, these calculations validate our parametrization
approach for the heme complex. The computed interaction
energies clearly indicate that the sets of multipoles are able to
accurately reproduce the electrostatic potential created by the
heme complex in both ferrous and ferric states.
III.D. Heme Coordination Patterns. Before moving in
section IV to the simulation of hemeproteins with AMOEBA,
we focus here on the inner-sphere coordination of the iron
cation. We observed that in AMOEBA MD simulations of the
[PFeII/III−ImMe−EMS] complex in water, the (bi)squared
pyramidal geometry around Fe is lost. This means that the sole
presence of electrostatic multipoles on the heme atoms is not
suﬃcient to deﬁne a proper coordination pattern for iron. This
is somehow not surprising because the Fe−N or Fe−S bonds
are more complex than resulting from a mere electrostatic
interaction. We thus introduce supplementary terms in the
potential energy between the iron atom and the two
coordinating atoms in axial positions. To avoid the introduction
of new atom classes in TINKER or TINKER-HP that would
multiply the number of parameters, we have introduced the
bonding and angle terms with the “Restrain” option of the
program. A restraint term takes the form of a ﬂat-welled
harmonic potential. When we use the restrain option, we
provide a force constant in kcal/Å2 and two distances to deﬁne
a distance range. If the distance between the two atoms under
consideration is in this range, the energy from the restraint
potential is zero. Outside the distance bounds, a standard
harmonic term is used using the force constant and the
interatomic distance. We have determined the parameters for
the restraints by trial and error. We ﬁnally decided to restrain
bonds between Fe and the coordinating atoms of the axial
ligands (NE2 for histidine and SD for methionine) as well as
the angles NE1−Fe−NE2 and NE1−Fe−SD where NE1 and
NE2 are the porphyrin nitrogen atoms. The restraint
parameters are given in Table S6.
Polarizable MD simulations have been performed with
TINKER-HP (version 1.0).49 The [PFe−ImMe−EMS] complex is immersed into a water box of edge length 24.875 Å. The
Particle Mesh Ewald (PME) summation technique has been
applied to treat electrostatic interactions, including polarization,
with a real-space cutoﬀ distance of 7.0 Å, a grid of 64 × 64 ×
64, and ﬁfth-order B-splines. A cutoﬀ with a switching window
at 10 Å has been applied to the van der Waals interactions.
Induced dipoles have been iterated to convergence, until the
Root-Mean-Square (RMS) change between interactions fell
below 10−5 D per atom using the ASPC approach.53 The
trajectories have been propagated using a velocity form of
Bernie Brook’s “Better Beeman” integration algorithm with a
1.0 fs time step. The system temperature has been controlled
with a Berendsen thermostat at 300 K.86
The average values and standard deviations of a few
geometrical parameters of iron coordination are gathered in

Figure 6. Interaction energies (kcal/mol) of the [PFeII−ImMe−
EMS−(H2O)6] (top), [PFeIII−ImMe−EMS−(H2O)6] (middle), and
[PFeII−(ImMe)2−(H2O)6] (bottom) complexes with droplets of
water molecules. For each complex, a collection of 30 geometries is
considered.

a monopolar to a multipolar and polarizable description of the
electrostatic potential created by the heme is beneﬁcial for the
accuracy of the force ﬁeld. With the 2003 AMOEBA water
model, the agreement is a little bit less satisfactory, with some
points of the series departing more from the DFT results, but
results are similar in nature and the set of investigated points
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Table 3. Bond Lengths (in Å), Angles (in degree), and Doming Eﬀect Dihedrals for the reduced and oxidized (Italic) eme
Structurea
parameters
Fe−Nhis
Fe−Smet
Fe−Npor
Nhis−Fe−Npor
Smet−Fe−Npor
C2−Fe−C2
doming

451C/351Cb

mean X-rayc

DFT

PM7d

AMOEBA DMA

AMOEBA FIT

1.97
1.99
2.35
2.36
2.03
2.03
91.19
90.89
88.80
89.08
174.58
174.76
0.04
0.03

2.03 ± 0.15

1.97
1.99
2.28
2.31
2.00
1.99
89.89
90.24
90.10
89.75
174.71
167.20
0.01
0.00

1.97 (0.04)

2.07 (0.03)
2.05 (0.03)
2.39 (0.03)
2.38 (0.03)
2.10 (0.03)
2.10 (0.03)
90.10 (2.60)
89.72 (2.61)
89.99 (2.76)
90.39 (2.81)
177.65 (2.21)
176.09 (2.29)
0.04 (0.03)
0.04 (0.03)

2.06 (0.03)
2.03 (0.03)
2.39 (0.03)
2.38 (0.03)
2.10 (0.03)
2.10 (0.03)
90.10 (2.61)
89.88 (2.57)
89.87 (2.79)
90.12 (2.85)
176.26 (2.17)
176.17 (2.16)
0.04 (0.03)
0.04 (0.03)

2.31 ± 0.18
2.00 ± 0.05
90 ± 2
90 ± 2
174 ± 3
0.04 ± 0.02e

2.33 (0.05)
1.95 (0.04)
89.88 (3.23)
90.12 (3.78)
177.81 (2.99)
0.051 (0.025)

a
For the PM7 and AMOEBA MD simulations, we provide average values and standard deviations (in parentheses). bAnalysis of cyt C551 in both
oxidized form (PDB 351) and reduced form (PDB 451C) were performed with VMD program. cAverage variation observed in seven high resolution
X-ray structures from ref FELIX (PDB: 5cyt, 1qn2, 3c2c, lio3, 1hro, 1c2r, 1cxc). dMD simulations showed that the coordination between Fe and the
apical ligand is unphysical with the PM7 method in the ferric state. We thus do not report PM7 data for this redox state. Average variation observed
in seven high resolution X-ray structures from 27. eAnalysis using the seven structures used in ref 27.

plane deformation of Fe (doming), we ﬁnd slight displacement
of the cation from the average plane of the porphyrin nitrogen
atoms. We investigated also the energy proﬁle corresponding to
the rotation of the Chis−Nhis−Fe−Npor dihedral angle (Figure
S2). The global minimum of the proﬁle is located at 0° both at
DFT and at AMOEBA levels of theory. The secondary minima
are at the same positions with AMOEBA and PBE. The global
potential well depth is more pronounced with AMOEBA than
in DFT. However, we expect the dihedral distribution during a
MD simulation to have similar behavior in AMOEBA and in
DFT, centered around 0°, but slightly broader in DFT. Finally,
we have inspected an extensive list of complementary
geometrical parameters and found excellent agreement between
AMOEBA and DFT or X-ray data (Tables S7).

Table 3. The upper part of the table refers to the bond
distances and angles that were speciﬁcally restrained to a target
value, while the lower part refers to other relevant parameters.
Data for both redox states are provided. For comparison, we
also provide similar values from an X-ray structure of
cytochrome c551. The coordination around heme in this
protein is representative and agrees well with the mean value of
seven high resolution X-ray structures of other cytochromes
containing the same heme group.27 We also provide values
extracted from the DFT optimized structure on which we ﬁtted
the sets of multipoles (Table 3) and average values obtained
from MD simulations with PM7 (see previous subsection and
SI).
The Fe−Nhis, Fe−Npor, and Fe−Smet average bond lengths
obtained with AMOEBA DMA amount to 2.07, 2.10, and 2.39
Å, respectively, in the ferrous state. Similar values are obtained
in the ferric state. These values are slightly larger than those
obtained from PM7MD simulations or DFT geometry
optimizations but within the experimental uncertainty of Xray structures. The ﬂuctuations of bond length are found to be
on the order of 0.03 Å, in close agreement with PM7
simulations and on the order of the expected values for this
type of chemical bonding. It could be possible to further
increase the restraint force constants to further reduce the gap
with DFT values, but we found that very strong force constants
were needed to achieve this goal, probably because of repulsion
between the axial ligand and the heme fragment originating
from the van der Waals and permanent multipoles. It is still also
possible that the distances are too long due to the lack of charge
transfer between the metal and the porphyrin in the AMOEBA
potential. Moreover, increasing the force constants would
reduce too much the amplitude of the bond length ﬂuctuations.
We therefore decided to retain the set of restraints given in
Table S6. The angles around the iron cation are also well
reproduced by the AMOEBA simulations when comparing to
the experimental and theoretical references. We ﬁnd few
diﬀerences for all these parameters when using either the
AMOEBA DMA or AMOEBA FIT sets of multipoles.
Regarding the C2−Fe−C2 angle (Figure 1) and the out-of-

IV. APPLICATION TO MD SIMULATIONS OF
CYTOCHROME
In the last section of this article, we report simulations of
cytochromes in the ferrous and ferric states with the newly
developed AMOEBA FF parameters using the Tinker-HP
program.49 The FIT parameter sets are used. We consider
cytochrome b5 of Rattus norvegicus (PDB code: 1B5A87). The
prosthetic group of cytochrome b5 consists of a heme core with
the two axial ligands being histidine residue side chains (His39
and His63). The initial structure has been extracted from NMR
data and has been solvated in a cubic water box (edge length of
100 Å) using the CHARMM package.88 The simulated system
is comprised of 97 858 atoms. The protonation state of the
residues has been evaluated with the PROPKa server. Aspartate
and glutamate residues are deprotonated, while all histidine
residues are protonated on δ positions. The system has been
neutralized by adding 10 sodium cations. We have subsequently
added nine (Na+,Cl−) ion pairs to reach a salt concentration of
0.15 M. The NMR structure has been preliminarily prepared
using the nonpolarizable c31 CHARMM.88 To this end, we
have ﬁrst carried out 10 000 steps of energy minimization with
NAMD.89 Equilibration has then been reached running
successive 20 ps MD with a progressive increase of the
temperature from 50 to 298 K by steps of 25 K. During the
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Figure 7. Upper panel, RMSD of protein backbone atoms. Lower panel, RMSD of protein backbone atoms belonging to alpha helices only. In all
cases, the last seven residues that belong to a ﬂexible loop were not included in the RMSD calculation.

Table 4. Bond Distance (Å) and Angle (degree) Values for Heme Structurea
AMOEBA
parameters

1B5A

DFT

FeII Water14

FeIII Water14

FeII Water03

FeIII Water03

Fe−Nhis
Fe−Npor
Nhis−Fe-Npor

2.00
2.00
90.03

1.97
2.01
90.00

2.07 (0.03)
2.10 (0.03)
90.00 (2.51)

2.05 (0.03)
2.11 (0.03)
89.99 (2.51)

2.07 (0.03)
2.10 (0.03)
90.00 (2.50)

2.05 (0.03)
2.11 (0.03)
89.86 (2.50)

a

RMN structure. DFT optimized geometry and averaged over the trajectories of diﬀerent MD simulations with the standard deviations (within
parentheses).

heating, the protein heavy atoms have been kept ﬁxed by
adding harmonic restraints on their positions with force
constants of 10 kcal/mol/Å2. Subsequently, four successive
MD simulations in the NPT ensemble have been conducted
over 3 × 100 and 500 ps with restraint force constants of 10, 5,
1, and 0 kcal/mol/Å2, respectively. A time step of 2 fs has been
used. The ﬁnal equilibrated structure is used as the starting
geometry for AMOEBA polarizable simulations.
Simulations have been conducted in the two redox states and
with either the water03 or water14 models. The same
parameters as in the previous section are used, except that a
RESPA integration algorithm allowing a 2.0 fs time step is used
here. The temperature has been controlled by a Bussi
thermostat.90 The Particle Mesh Ewald (PME) summation
technique has been applied to treat electrostatic interactions,
including polarization, with a real-space cutoﬀ distance of 7.0 Å,
a grid of 64 × 64 × 64, and ﬁfth-order B-splines. A cutoﬀ with a
switching window at 10 Å has been applied to the van der
Waals interactions. Induced dipoles have been iterated to
convergence, until the Root-Mean-Square (RMS) change
between interactions fell below 10−5 D per atom and
simulations used the ASPC approach. With the equilibrated
structure obtained with the nonpolarizable FF, we have

performed another equilibration procedure with AMOEBA
parameters. For this, we have ﬁrst ﬁxed the hemeprotein, and
have done energy minimization with a convergence value of 0.5
kcal mol−1 Å−1. Equilibration has been obtained running
successive 50 ps NVT MD with a progressive increase of the
temperature from 50 to 300 K by steps of 50 K keeping
hemeprotein ﬁxed. Then, we have carried out another
equilibration with the hemeprotein atom free to move. Finally,
we have conducted an 80 ps NPT simulation at 300 K and 1
atm to obtain a stable density of the system (higher than 1 gr/
cm3). A 10 ns MD simulation in the NVT ensemble has been
accumulated for analysis. Restraints on angles and bonds
involving the iron cation have been set as explained in the
previous section. For comparisons, we also carried out MD
simulations with a nonpolarizable force ﬁeld (CHARMM)
using the NAMD program.89
The RMSDs of the protein backbone (focusing on residues 1
to 87) during MD simulation dynamics are shown in Figure 7.
For each simulation, the RMSD value is below 3 Å. When
focusing on amino acid residues pertaining to structured alpha
helices, the RMSDs are, as expected, smaller. We have not
noticed any unfolding of tertiary secondary structures during
the simulations. Compared to simulations with nonpolarizable
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FF, the RMSDs show more slight ﬂuctuations but remain on
the same order. In regard to the heme coordination sphere,
AMOEBA gives good agreement for bond lengths and angles
with NMR and DFT data (Table 4, Table S8). The force
constants adjusted to deﬁne the iron cation inner-sphere
coordination are transferable to the heme embedded into the
protein matrix. Overall, these data indicate stable dynamics with
the here developed parameters in both ferrous and ferric forms.
The atom RMSDs for amino acid residues localized within 10 Å
are shown in Figure S3. They are examined by types of residues
(polar, charged, apolar...). Again, we have not found any
conformational changes of theses residues that would be
suspicious. However, conformation ﬂuctuations are often more
pronounced for the AMOEBA force ﬁeld, probably because of
the more ﬂexible form of the underlying potential energy
function. Future works will have to consider much longer
simulations to assess the stability of hemoproteins and to
investigate whether the herein developed AMOEBA force ﬁeld
for heme leads to more accurate redox properties than standard
force ﬁelds.
These MD simulations have been run using 1440 2.6-GHz
processors connected via inﬁnite band technology (IB 4x
FDR). The total wall clock time was approximately 12 h/ns of
simulation on the Occigen machine at CINES (Montpellier,
France). We mention that recent algorithmic developments of
Tinker-HP should further improve eﬃciency. MD simulation of
hemeproteins with AMOEBA is now computationally feasible
in reasonable times.
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