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ABSTRACT: Heme proteins are ubiquitous in nature and perform many diverse functions in all kingdoms of life. Many of these
functions are related to large-scale conformational transitions and allosteric processes. Sampling of these large conformational
changes is computationally very challenging. In this context, coarse-grain simulations emerge as an efficient approach to explore
the conformational landscape. In this work, we present a coarse-grained model of the heme group and thoroughly validate this
model in different benchmark examples, which include the monomeric heme proteins myoglobin and neuroglobin and the
tetrameric human hemoglobin where we evaluated the method’s ability to explore conformational changes (as the formation of
hexacoordinated species) and allosteric transitions (as the well-known R → T transition). The obtained results are compared
with atomistic molecular dynamics simulations. Overall, the results indicate that this approach conserves the essential dynamical
information on different allosteric processes.

■ INTRODUCTION
Heme proteins are a ubiquitous group of proteins that perform
a wide variety of key biological functions, which include the
sensing and transport of small molecules as in myoglobin
(Mb)1 and hemoglobin (Hb),2 oxidation reactions (as in
P450s),3 and electron transport (as in cytochromes),4 among
others. They are also usually used as benchmark cases to test
newly developed theoretical and experimental approaches.5

These proteins contain a heme cofactor, a porphyrin macro-
cycle which possesses a central iron coordinated in its four
equatorial coordination positions by the porphyrin. The two
axial coordination positions can be occupied by protein
residues like His or Cys, among others, and/or external ligands.
Atomistic computer simulations of heme proteins have

allowed the study of many different phenomena in which they
are involved, ranging from chemical reactivity and enzymatic
catalysis inside the heme pocket to extended conformational
changes that involve large protein regions. However, atomistic

simulations, at least in their unbiased approach, are still limited
to processes occurring in the nanoseconds to microseconds
time scale and to systems of moderate size. Thus, typically
systems of this size are trapped in local minima and unable to
explore conformations separated from the initial configurations
by barriers larger than a few kcal/mol. In this context, coarse-
grained (CG) simulations emerge as a plausible tool to increase
the sampling of the conformational space as well as the system
size due to their much lower computational cost.6

In the recent years, many efforts have been done to develop
protein CG models that provide an accurate representation of
the protein dynamics in the native state.7−9 Initially, the focus
was on folding processes, with the Go model being the
reference method for this type of study.10 In this
representation, each amino acid is replaced by one center or
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“bead” and the dynamics is based exclusively on the native
contacts. However, very often it is desirable to retain
information on the side chain positions and interactions
between amino acids. For this purpose, specific CG force
fields were developed in order to perform CG simulations in
proteins, as the extension of the Martini Force Field to
proteins,8 the Sirah Force Field for proteins,9 or the CG model
for proteins developed by Hills et al.7 In this last model, each
residue is represented with one to five beads, depending on the
complexity of the residue.7 Parameters for this force field have
been obtained using a bottom-up approach, in order to fit as
best as possible the results obtained with atomistic simulations.
Nonbonded interactions are represented using five different
atom types, for which the associated 15 pairwise potentials have
been adjusted using a force-matching approach. Bonded
interactions have been parametrized in order to represent the
Boltzmann distribution of the AA simulations, with the
exception of the backbone torsions, which were taken from
the PDB database. This CG model was successfully applied
among other systems to the study of Trp cage folding and
adenylate kinase conformational transitions7 and the MsbA
ABC transporter in a mixed DOPC/DOPE bilayer.11

Considering the above-mentioned ubiquity, the relevance of
heme proteins, and the power of CG methodologies in this
work, we developed a CG model of the heme group using a
similar protocol to the one employed by Hills et al. Among the
available CG models, the parametrization strategy followed by
Hills et al. allowed us to obtain a CG model for the heme group
in a straightforward way from atomistic simulations. This model
allows performing CG simulations of heme proteins using the
corresponding force field. Specifically, the heme model was
tested in different heme proteins which include myoglobin
(Mb),5 neuroglobin (Ngb),12 and hemoglobin (Hb),2 where we
studied several dynamic processes that cover different spatial
and temporal scales. The results show a very good agreement
with previous atomistic data, validating the heme group
parametrization, and widening our capabilities for studying
this amazing group of proteins.

■ COMPUTATIONAL METHODS
CG Representation of the Heme Group. In order to

parametrize the heme group, we performed 20 ns of atomistic
classical molecular dynamics simulation of the heme group. The
system was inserted in a box of 1002 water molecules.
Temperature was set at 300 K and pressure at 1 bar using the
Berendsen thermostat and barostat, respectively.13 A histidine
residue was coordinated in one of the axial sites in order to
properly describe the active site in the most typical
coordination state. This allowed us also to parametrize the
Fe−His bond. Atomistic simulations were run using heme
parameters developed in our group and tested in a large list of
heme proteins.14,15

CG beads positions were initially positioned mimicking the
position of the beads in the CG amino acids with similar
chemical structure, and the parameters for bonded interactions
were obtained in order to reproduce the Boltzmann
distributions observed in the atomistic simulations. Similarly
to the parametrization performed by Hills et al., bonds were
fitted to a harmonic potential, while angles required an up to
three-order polynomial equation. Nonbonded interactions were
represented using three of the five atom types already available
in the CG force field. Figure 1 shows the classification of each
bead in the heme CG model. The resulting model contains 17

CG beads: 1 bead representing the iron atom, 4 beads close to
the pyrrolic nitrogen atoms, 9 beads in the porphyrin cycle, and
4 beads for the two propionate groups (Figure 1).

Details on the CG Simulations. CG simulations were
performed using a locally modified version of the PMEMD
module of AMBER1116 for CPUs, where the CG force field
developed by Voth et al. was implemented. Due to the absence
of water molecules and to the reduction of the system size, it
was not necessary at this stage to use parallel computing
strategies. Future developments in the context of the Amber
package include parallel and GPU CG simulations. Simulation
conditions were similar to the ones recommended in the
original work. A time step of 4 fs was used, and 0.5 μs of CG−
MD simulations were run for pentacoordinated Mb (Mb-5c),
hexacoordinated Mb (Mb-6c), pentacoordinated Ngb (Ngb-
5c), and hexacoordinated Ngb (Ngb-6c). Here, 0.2 μs CG−
MD simulations were run for human hemoglobin in the tense
(T) and relaxed (R) states. Initial structures were taken from
the crystal structures: 1VXD (for Mb),17 1OJ6 (for Ngb),18

2HHB (for HbT),19 and 1HHO (for HbR).20 These structures
were converted to the CG representation, minimized, and
slowly thermalized to the desired temperature. For each case,
test equilibrium simulations were performed at 100, 150, and
200 K. In the case of Ngb and Mb, results at 150 K were more
accurate in relation to stability and similarity to the atomistic
simulations. (See SI for details on the results at different
temperature conditions). This is also consistent with previous
observations, which indicated the need to simulate at 0.6 T.7

Thus, 150 K was the temperature of choice for all production
simulations. For tetrameric hemoglobin, the temperature was
set to 125 K to avoid distortions of the protein structure.
Additionally, in order to avoid sliding movements of the heme
group, a small positional restraint of 10 kcal/mol Å2 was
applied to the four polar heme CG beads, which lie in the
proximity to the pyrrolic nitrogens. For comparative purposes,
atomistic MD simulations in explicit solvent and the NPT
ensemble were performed using the Amber99SB force field21

and the PMEMD module of the Amber14 package, using
standard simulation conditions as described in previous
works.22,23 Atomistic simulations were run up to 80 ns for

Figure 1. CG model of the heme group. A total of 17 beads have been
used to represent the heme group in the coarse-grained model: 1 polar
bead (magenta), 14 nonpolar beads (cyan), and 2 negative beads
(red). (a) Atoms grouped in each CG bead. The position of each bead
is located in the center of mass of each group of atoms circled with
dashed lines. (b) Chemical structure of the heme group with the CG
beads position and bonding scheme.
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the monomeric globins (Mb and Ngb) and 200 ns for
tetrameric Hb.
Essential dynamics (ED) analysis was performed on the CG

trajectories in order to compare the conformational space
explored by the CG and the AA simulations.24 ED involves
diagonalization of the covariance matrices of atomic positions
along the trajectory, yielding the eigenvectors that define the
essential motions of the protein. This analysis was performed
only for the Cα atoms (which represent the backbone atoms in
the CG model). Terminal residues were excluded in order to
avoid masking of the essential motions of the protein core by
the high flexibility of terminal regions. ED analysis of combined
trajectories was also performed to gain insight into the
dynamics of the structural transitions involved. Finally,
projection of the MD trajectories onto selected essential
motions was performed to analyze the configurational space
explored along the MD simulation. This type of analysis
showed to be very useful in the characterization of the
dynamics of globins and in particular the hexacoordination
process.22,23 Thus, performing the same analysis in the CG
trajectories allows a more extensive comparison with the
atomistic dynamics.
Finally, in order to further validate the heme CG model for

the study of larger scale conformational transitions, we used
steered molecular dynamics (SMD)15 to force the transition
between the R and T states in human hemoglobin. In SMD, the
potential energy is modified by adding a time-dependent
potential (E (r,⃗ t)), which allows exploring a specific reaction
coordinate. In this case, the potential was modified following eq
1:

⃗ = ⃗ − ⃗E r t k r t r t( , ) (RMSD( , ) RMSD ( , ))o
2

(1)

where RMSD(ri) is the root-mean-square deviation of each
frame with the reference structure, RMSDo is the reference
value for the root-mean-square deviation, and r ⃗ are the
coordinates of the CG beads. The reaction coordinate ranges
from 5.35 to 0.75 Å, being the maximum value of the RMSD
between the initial and final conformation, and was explored in
70 ns using a 4 fs time step.
Source code for running CG−MD simulations in the

PMEMD module of Amber11 and the herein developed

heme CG parameters are available under request. Efforts are in
place to include the CG code into Amber official releases.

■ RESULTS

Stability of Heme Protein Monomeric Structures in
CG Representation and Comparison with All Atom
Simulations. Myoglobin (Mb) is a well-known monomeric
heme protein that belongs to the globin superfamily. This
protein binds molecular oxygen and stores it in muscle tissues.5

The heme group in absence of external ligands is pentacoordi-
nated (5c) in the ferrous state.17 As a first validation of the
heme CG model, we performed a 0.5 μs CG−MD simulation
of Mb in the 5c state. The structure remained stable along the
simulation. However, as expected, RMSD values are higher in
CG simulations than in atomistic simulations,21 indicating a
larger deviation from the crystal structure in the coarse grain
simulations (Figure S1). The iron in the heme group of
myoglobin is coordinated to a histidine residue located at the F
helix (named HisF8) and is anchored to the protein matrix by
several hydrophobic and aromatic interactions, which involve
mainly residues PheCD1, HisE7, ValE11, HisF12, and LeuF4.
As shown in Figure 2, these interactions were generally
conserved in the CG simulations. The distance distributions are
consistent with the observed values in the crystal structure
(detailed in the caption of Figure 2) with the larger deviation
observed for HisE7. This residue position is associated with the
opening and closing of the HisE7 gate,25 which is in turn highly
related to the protonation position of the histidine residue.26

The protonation site of the histidine residue is not
distinguished in the force field developed by Voth et al.;7

thus, consideration of this effect is not possible in the context of
the present CG model. Overall, the results indicate that the
heme CG model retains proper interactions with the protein
matrix.
Neuroglobin (Ngb) is another monomeric heme protein that

belongs to the globin family, showing a very similar tertiary
structure to that of Mb. However, and opposite to Mb,
crystallographic information indicates that in the absence of an
external ligand, Ngb displays an hexacoordinated (6c) heme
group.18 Thus, in Ngb, HisE7 coordinates to the iron in the
distal position, forming the archetypical 6c form. In previous
works from our group by means of atomistic molecular

Figure 2. Analysis of the key interactions between the heme group and the protein matrix in myoglobin in the CG simulations. (a) Atomistic
structure of myoglobin showing the residues that anchor the heme to the protein structure. (b) Distribution of the interaction distances along the
CG−MD simulation. Inset: CG structure of Mb active site, with the measured distances showed as dotted lines. For comparison purposes, these
distances were measured in myoglobin crystal structure17 and converted to the CG representation yielding values in Å of 4.88 (HisF12), 4.27
(PheCD1), 4.16 (LeuF4), 5.49 (HisE7), and 4.26 (ValE11). These values are marked in panel b, in dotted vertical lines, using the same color code of
the distribution lines.
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dynamics simulations, we observed that the main structural and
dynamical differences between these two globins are located in
a region called “CD region”, which involves two short helixes
(named C and D helixes) and their connecting loop (the CD
loop).22 To further assess the capabilities of the CG heme
model, we performed 0.5 μs of CG−MD simulations for
myoglobin and neuroglobin, both in the penta- and
hexacoordinated states. As in the previous case, the structures
remained stable along the simulations, as can be observed in the
RMSD calculations shown in Figure S1. Protein flexibility in the
CG model was analyzed calculating the root-mean-square
fluctuations (RMSF) along the trajectory for each residue.
Figure 3 compares the RMSF obtained in each simulation with
the results obtained with the corresponding atomistic model.
The CG results are in good agreement with the AA, especially
for Mb, which is the less flexible protein. In Ngb, the CG and
AA results are qualitatively consistent; however, the flexibility is
significantly reduced in the CG simulations with respect to the
AA simulations, especially in the CD region (residues 49 to 59
in Mb and 39 to 58 in Ngb). Interestingly, if the RMSF is
calculated using the trajectory starting at 10 ns up to 80 ns (a
similar time frame to the one used in the atomistic simulations)
results are in better agreement (Figure S2). This might indicate
that in the CG model after a certain simulation time the CD
loop finds a local minimum and stays there for the rest of the
simulation time, therefore reducing the average fluctuation in
this region. This stabilization however requires very long time
scales and thus is not observed in AA simulations. However,
caution should be taken when comparing simulation times in
atomistic and CG simulations. Although the applied CG force

field was parametrized using atomistic simulations, this does
not imply necessarily an exact conservation of the free energy
surface. Indeed, due to the simplification of the system, it is
almost impossible to completely conserve the kinetic barriers
between minima. Thus, the time scales in atomistic and CG
models are not directly comparable, making this last
observation a qualitative implication without implying an
exact determination of the time scale required to achieve an
specific conformation in the CG model.

The 5c to 6c Transition in Ngb in the CG Model. The
heme CG model was also tested analyzing the 6c ⇔ 5c
transition in Ngb and Mb. We calculated the transition essential
mode as explained in the computational methods for Ngb and
Mb in the CG model and compared it with the results of the
atomistic simulation. Figure 4 compares the projection of the
principal mode obtained in this analysis (which corresponds to
the transition mode) along the protein sequence for Ngb and
Mb, following the procedure used in previous works to describe
the 6c ⇔ 5c transition in Ngb and Mb.22,23 It can be seen that
qualitatively there is a good agreement between the CG and the
AA models, especially in the case of Ngb, where the
contribution of the CD region is significant. This contribution
is also observed in the CG essential mode. In Mb, the transition
mode is less specific and involves several regions of the protein,
again as observed in the atomistic model.

CG−MD Simulations of Tetrameric Hemoglobin.
Human hemoglobin (Hb) is a tetrameric heme protein
displaying a well-known allosteric transition after binding
oxygen to the heme, moving from the so-called T (“tense”) to
the R (“relaxed”) states.2 Hb structure is formed by two

Figure 3. RMSF for (a) Mb-5c, (b) Mb-6c, (c) Ngb-5c, and (d) Ngb-6c. The data was calculated considering only the Cα atoms. Results for the CG
and the atomistic simulations are shown in solid and dashed lines, respectively.
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heterodimers, each one containing two subunits named α and
β. In order to further validate the heme CG model for larger
proteins and evaluate the ability of the model to describe
allosteric transitions, we performed CG simulations of
tetrameric human hemoglobin. Specifically, 0.2 μs equilibrium
CG−MD simulations were performed starting from the crystal
structures corresponding to the T and R states. In both cases,
the structures remained stable, with an average RMSD of 4.4 Å
in both R and T trajectories with respect to the initial structure,
which is again acceptable in the context of the CG model
(Figure S3). Additionally, the CG trajectories were compared
with atomistic molecular dynamics simulations of tetrameric
hemoglobin in both T and R states. RMSF calculations indicate
that the fluctuations per residue observed in the CG trajectories

are in very good agreement with the observed fluctuations in
the atomistic simulation (Figure 5). Generally, the fluctuation
patterns observed in atomistic simulations are conserved in the
CG simulations. Interestingly, the larger fluctuations obtained
in the β subunits with respect to the α subunits are also
observed in CG simulations, showing the ability of the model to
describe the flexibility difference between the alpha and beta
subunits.
In order to analyze if this CG model is able to explore the

transition between the T and R states, we performed steered
molecular dynamics (SMD) simulations starting from either the
T and R states, using as reaction coordinate the RMSD with
respect to the target structure, as explained in the Computa-
tional Methods section. Several structural parameters were

Figure 4. The 6c ⇔ 5c transition essential mode for myoglobin and neuroglobin in the CG representation. Panels (a) and (b) show superimposed
structures along the 6c−5c transition essential mode for Ngb and Mb, respectively. Panels (c) and (d) show the projection of the mode along the
protein sequence for Ngb and Mb, respectively. Results for CG are shown in black solid lines, and for AA blue dashed lines.

Figure 5. RMSF per residue in the CG (solid blue and cyan lines) and atomistic (dashed black and brown lines) MD simulations. Panels (a) and (b)
show results for the R and T states, respectively. Here, α1 and β1 correspond to the α and β subunits of the first subunit, and α2 and β2 to the α and β
subunits of the second subunit.
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analyzed along the SMD trajectory in order to characterize the
path followed by the system in the CG trajectory and compare
it with recent results obtained for this transition with atomistic
methodologies.27,28

One of the most employed parameters to characterize the
R−T quaternary transition is the rotation of the α1/β1 dimer
with respect to the α2/β2 dimer, which shows a variation of
12°−15° between the two states27,28 (Figure 6a). Figure 6a.i)
shows the variation of this angle for the MD of R and T states
(red and blue histograms, respectively) and also for the R−T
transition (blue and red traces), using as a reference the R state.
Clearly, while the equilibrium trajectories of the T and R states
conserve their conformation, the trajectory obtained with SMD
moves from the T to the R state and vice versa. This global
structural parameter is accompanied as well by changes in the
interface between the α and β subunits, the most important and
well characterized is the His97 switch.27 This change
corresponds to a movement of the His97 side chain of the
beta subunit, which is located between Thr38 and Thr41 of the
α subunit in the R state and between Thr41 and Pro44 in the T
state (Figure 6b). Figure 6b.I shows the distribution of the
His97Cα−Thr38Cα distance in the R and T states (red and
blue histograms, respectively) and the evolution of this distance
along the transition trajectories. The results indicate that while
in each state the position of the switch is conserved, in the
transition between the T and R states, the SMD simulation is
able to induce the change in the switch position. Finally, we
calculated the transition essential mode between the R and T
states as explained in the Computational Methods section. As
in the previous analysis, we observe that while the equilibrium

trajectories of the T and R states show sharp distributions of
principal essential mode projection values, the SMD transitions
cover the projection values between the T and R states (Figure
S4). Altogether, these results indicate that for the reference
heme protein human Hb, the coarse-grained model with the
presently developed parameters for the heme group allows us
not only to simulate the equilibrium T and R states but also to
explore the transition between both allosteric states, correctly
sampling both global quaternary rearrangements as well as local
adjustments of the side chain positions.

■ DISCUSSION

In this work, we present a CG model of the heme group to be
used in CG−MD simulations of heme proteins using the force
field developed by Voth et al.7 Parametrization of prosthetic
groups and cofactors for CG models is not a trivial procedure
since in contrast to parametrization for atomistic MD it is
necessary to make an initial decision, for which there is not a
unique answer: the position of the CG beads. Depending on
the CG model, the position of the beads can be determined
using similar assumptions than the ones made to determine the
beads positions in the standard amino acids. However, often
new criteria need to be applied and tested in order to define the
CG representation for a specific chemical entity. Also, all the
bonded and the nonbonded interactions need to be para-
metrized, which can be a complex problem. For instance, in the
model by Voth et al., the coarse grain mapping reduces the
transferability of the bonded parameters up to the point that for
each amino acid side chain specific parameters are obtained.
Thus, in this kind of model, it is required to develop bonded

Figure 6. Analysis of the R−T transition in human hemoglobin. Transition from T → R and R → T are shown in red and blue lines, respectively.
Distribution of the geometrical parameters along the equilibrium molecular dynamics for each state is shown, for reference, in red for the R state and
in blue for the T state. (a) Rotation of the α1/β1 dimer with respect to the α2/β2, using as a reference the R state: (i) Evolution of the rotational angle
and (ii) superimposed structures of the T and R state showing the angle rotation. (b) Interface switch in the T−R transition: (i) Evolution of the
Thr38Cα−His97Cα distance along the transition and (ii) crystal (left) and coarse-grained structure (right) switch region. In panels (a.ii) and (b.ii),
structures of R and T states are shown in red and blue, respectively.
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parameters for all the bonded interactions present in the
prosthetic group or cofactor to be parametrized. Additionally,
nonbonded interactions need to be described, which again
requires the description of the new CG beads with the already
available nonbonded parameters or the development of new
interaction parameters. In the case of the heme group, we were
able to assign the existing atom types for nonbonded
parameters to all the CG beads but specific bonded parameters
needed to be developed for all the bonded terms in the heme
group.
The heme model developed in this work allows performing

stable CG−MD simulations of different heme proteins using
the force field of Voth et al. We demonstrate that this model
can also describe conformational changes in heme proteins,
with diverse complexity. In particular, we analyzed the
hexacoordination process in monomeric globins myoglobin
and neuroglobin and the R−T allosteric transition in tetrameric
hemoglobin. In the first case, the process involves a
rearrangement of a specific protein region (the CD region),
which is observed in the essential dynamics analysis performed
in the CG trajectories. Furthermore, the model is able to
distinguish between a naturally hexacoordinated protein, as
neuroglobin, and a naturally pentacoordinated protein, as
myoglobin, showing the dynamical differences between the two
proteins.
In the case of tetrameric hemoglobin, we not only observed

stable equilibrium trajectories for the T and R states but also by
means of steered molecular dynamics we were able to explore
the complex R−T allosteric transition. Comparison with
atomistic molecular dynamics simulations indicates that CG−
MD simulations are able to explore a similar phase space with a
significant reduction of the system size. In spite of the loss of
atomistic detail, processes that involve local or global
rearrangements can be described from a structural and a
dynamical viewpoint but with a significant reduction of the
computational cost.
The results presented in the present work for the Hb T-to-R

transition show that it is possible to explore the underlying
conformational change with a biased sampling scheme.
Therefore, in principle, it is possible to obtain the
corresponding free energy profiles and thus a direct link to
experimental derived data such as equilibrium and kinetic
constants. It is important to note, however, that the accuracy
and thus the relevance of the comparison will depend on the
capacity of the CG force field to correctly describe the
underlying energy surface of the system. We envisage that our
heme-developed parameters, together with other similar
applications, will increase the applicability of the CG force
field to a wider range of systems that should allow exploration
of its applicability to obtain relevant thermodynamic parame-
ters.
Additionally, the question arises on how are the time scales

of CG simulations related to the time scales observed
experimentally. CG simulations imply the reduction of the
degrees of freedom of the system, and thus, a simplification of
the free energy surface typically related to an increased softness
of the surface curvature. It might imply as well, depending on
the model, a modification of kinetic barriers. Thus, the time
scale associated with a process does not necessarily need to be
related with experimental time scales. In the case of our
calculations on the R−T transition in hemoglobin, atomistic
MD simulations indicate that spontaneous transitions are
observed in the 10−100 ns time scale.28 Experimental

information obtained with Raman spectroscopy29 and time
resolved X-ray scattering30 show that tertiary and quaternary
transitions occur in the nanosecond to microsecond time scale.
Therefore, we can consider that our simulation results are
consistent with the time scale of the actual experimental
transitions, although exact comparisons are obviously not
possible from these simulations.
Given the ubiquity and relevance and their widespread use as

a model system to study biological process at the molecular
level, we expect the current development to provide a useful
tool for those who want to study heme proteins as part of large
heme protein complexes and/or their conformational tran-
sitions in the millisecond to microsecond time scale.

■ CONCLUSIONS
In this work we developed a heme coarse-grained model which
can be used in the context of the CG force field of Voth et al.
We demonstrate that this approach can be applied to the study
of different conformational changes in heme proteins, retaining
the key structural and dynamical information that govern the
processes. The cases studied here involve from small protein
regions (as the movement of the CD region in neuroglobin and
its influence in globin hexacoordination) to large structural
transitions as the transition from R to T states in human
hemoglobin, opening the possibility to study the complex
dynamic processes in heme proteins with coarse-grained
simulations.
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