
Transferable and Polarizable Coarse Grained Model for
Proteins�ProMPT
Abhilash Sahoo,∥ Pei-Yin Lee,∥ and Silvina Matysiak*

Cite This: J. Chem. Theory Comput. 2022, 18, 5046−5055 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The application of classical molecular dynamics
(MD) simulations at atomic resolution (fine-grained level, FG), to
most biomolecular processes, remains limited because of the
associated computational complexity of representing all the atoms.
This problem is magnified in the presence of protein-based
biomolecular systems that have a very large conformational space,
and MD simulations with fine-grained resolution have slow dynamics
to explore this space. Current transferable coarse grained (CG) force
fields in literature are either limited to only peptides with the
environment encoded in an implicit form or cannot capture
transitions into secondary/tertiary peptide structures from a primary
sequence of amino acids. In this work, we present a transferable CG
force field with an explicit representation of the environment for accurate simulations with proteins. The force field consists of a set
of pseudoatoms representing different chemical groups that can be joined/associated together to create different biomolecular
systems. This preserves the transferability of the force field to multiple environments and simulation conditions. We have added
electronic polarization that can respond to environmental heterogeneity/fluctuations and couple it to protein’s structural transitions.
The nonbonded interactions are parametrized with physics-based features such as solvation and partitioning free energies
determined by thermodynamic calculations and matched with experiments and/or atomistic simulations. The bonded potentials are
inferred from corresponding distributions in nonredundant protein structure databases. We present validations of the CG model
with simulations of well-studied aqueous protein systems with specific protein fold types�Trp-cage, Trpzip4, villin, WW-domain,
and β-α-β. We also explore the applications of the force field to study aqueous aggregation of Aβ 16-22 peptides.

■ INTRODUCTION
Physiological functions of protein molecules are closely
intertwined with their associated structure and dynamics.1,2

This complex macro-organization is shaped through micro-
scopic multibody interactions that define a protein molecule’s
conformational landscape. In this direction, computer
simulations, primarily molecular dynamics, are being increas-
ingly leveraged to understand protein biochemistry and
biophysics.3−5

With recent advancements in dedicated high performance
computing architectures and graphical processing units, it is
now possible to run long simulations with small proteins for
multiple microseconds, at conventional all-atom resolution.6−9

Such long molecular simulations could capture a small number
of protein folding−unfolding transitions in an unbiased
manner. But such processes require a significant amount of
computing resources and are still not scalable to larger systems.
Most biological systems of interest involve large biomolecules
that interact over long spatiotemporal scales. To alleviate some
of these shortcomings, several enhanced sampling approaches
such as metadynamics and replica exchange molecular
dynamics have been proposed to allow faster exploration of
conformational space with limited resources.10−13 But such

approaches require extensive knowledge about the particular
biomolecular system and/or can be infeasible for larger
systems.
Coarse grained molecular dynamics (CG-MD) involves

creating a simplified representation or minimal model of
biomolecules that can capture the essential biophysics.14 This
approach allows efficient access to long spatiotemporal scales
by directly reducing computational complexity and allowing
fast conformational transitions by smoothing the local free
energy landscape. Early coarse grained (CG) models with
simplified phenomenological potentials were instrumental in
establishing the foundations of energy landscape theory of
protein folding.15−17 The coarse grained models require
creating interaction sites that are representative of a particular
molecule and defining interaction schemes (potentials) that
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allow these interaction sites to communicate. The interaction
potentials, also known as force f ields, can be variations of
knowledge-based (developed from analysis of statistical
databases) or physics-derived potentials (created, for example,
to fit free energies, partition coefficients, and biomolecular
phases).18−25 Coarse grained molecular simulations of proteins
have played a significant role in shaping our understanding of
physiological processes such as protein folding, protein
aggregation, and membrane−protein interactions.17,26−32

CG models with varying molecular resolutions and diverse
coarse graining strategies have been proposed. The levels of
coarse graining can vary from multiple residues represented by
a single interaction site to models with representation for all
the heavy atoms in a biomolecular system. Several of the CG
models employ an implicit description of the solvent
environment through interaction potentials.21,22,25,33−38

These models have been used to study several protein-based
dynamical processes such as folding, adsorption, misfolding,
and aggregation. While these models provide a significant
reduction in system complexity, an implicit representation of
the environment cannot be used to study heterogeneous
environmental effects that can be essential in crowded
physiological systems. Moreover, the role of solvent in
governing thermodynamics and kinetics of protein folding is
well documented.39−41 In some of the implicit-water CG
models, the dynamics is biased toward the native state and
cannot capture non-native states.16,42−44

MARTINI is a popular coarse grained force field with an
explicit description for solvents and a modular architec-
ture.19,45 The interactions are directed through a set of
interaction levels created by leveraging environment-depend-
ent free energies (solvation, vaporization, and partitioning free
energies). Due to its reasonable accuracy and ease of use,
particularly in a heterogeneous and crowded environment, this
force field has been widely adopted by the natural science and
engineering communities. In the case of proteins, MARTINI
has been used to study ligand binding, aggregation, surface
absorption, and membrane translocation.46−51 However, the
model relies on restraining a protein’s secondary structures
through artificial potentials, and the global/tertiary structure
also needs to be restrained to prevent spontaneous unfolding.
This prevents any study of dynamical changes to a protein’s
conformation over the simulation time using MARTINI. While
the Go̅ model has been employed along with the MARTINI
force field to study large-amplitude conformational changes, it
can suffer from several shortcomings including loss of amino
acid identity and insensitivity to point mutations and
environmental changes.26,52−54

In our previous publications, we introduced an explicit-
solvent polarizable CG model for a selection of amino acids to
study secondary structure transitions starting from the primary
sequence in the presence of different environmental stimuli
such as hydrophobic media, interfaces, and lipid bilayers.55−59

In this work, we have formalized our approach to model
parametrization, introduced new bonded and nonbonded
potentials, updated residue geometry, and extended the
representation to all natural amino acids to capture accurate
protein tertiary structures.
Our Protein Model with Polarizability and Transferability

(ProMPT) consists of two types of interaction sites (beads)�
primary coarse grained beads and dummy beads. The basic
biomolecule structure is created with primary interaction sites
which feature modular architecture and geometry similar to

those of the MARTINI model that allows for easy trans-
ferability and are parametrized along the MARTINI scales.19,60

Through additional off-center dummy charges to the primary
sites that represent polarizable entities, we have introduced an
explicit local dipole moment that can result in anisotropic
Coulombic interactions similar to hydrogen bonds in a
protein’s secondary structure. The angle and dihedral
potentials are derived from statistical distributions of these
features from the protein data bank (PDB). ProMPT can
capture secondary and tertiary conformational transitions,
along with appropriate intermediate conformations and
accurate folding free energy profiles. As such, this CG model
can be applied to study spatiotemporally complex biological
phenomena and processes involving proteins. In this paper, we
present model validations using simulations of small protein
structures in an aqueous solvent and aqueous protein
aggregation. We have also discussed future applications and
current shortcomings of this CG potential.

■ METHODS
The coarse grained interaction sites follow a basic MARTINI-
inf luenced nomenclature, with atom types grouped into polar,
neutral, charged, and hydrophobic beads.19,60 The polar beads
have explicit electrostatic dipoles added through charged
dummy particles, constrained to the main interaction site
(Figure 1). For parametrization, we initially run 50 ns atomistic

simulations (using CHARMM36m/TIP3P force field61,62 and
CHARMM-GUI63 equilibration protocol) of relevant tripep-
tides that have the corresponding mapped regions in chemical
space. The parameters (charge on the beads, q, and distance
between the beads, r) are generated to match the dipole
moment corresponding to the maximum in the dipole moment
distribution of the mapped region from the atomistic
simulation. The charge and relevant geometry of these charged
dummies are provided in Table S1. The dummy charges
interact with the local environmental through electrostatic
interactions (such as change in dielectric constant at the
membrane−water interface), which then directs the protein’s
structural changes. As these charges are placed off-center to the
main interaction site, they can introduce an asymmetry and
directionality to interactions and introduce spatial hetero-
geneity in the local charge distribution. Here, a parallel can be
drawn between the direct dipole−dipole and charge−dipole
interactions in this CG model and electrostatic alignments in
hydrogen bonds. Previous publications with a much simplified
variant of this CG model could generate appropriate sequence-

Figure 1. Schematic geometries of coarse grained amino acids.
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specific secondary structures through alignment of these
dipolar charges.55−59 Several experiment and simulation-
based studies have also underlined the importance of these
molecular dipoles in protein folding.
ProMPT has been parametrized to work with Yesylevskyy et

al.’s polarizable water model, which maps four atomistic water
molecules to three coarse grained beads.64 This water model
also features dummy charges that communicate exclusively
through electrostatics and can interact with our protein model
(Figure S1). We have added a brief note on this water model in
the Supporting Information.
The amino acid geometry defining the structures of the CG

amino acids is shown in Figure 1 and Figure S2. The
interaction sites representing the protein backbone and polar
side chains are assigned polarizable atom-types, with off-center
dummy charges. The primary CG interaction sites that map to
aromatic regions in the chemical space have a radius of 0.43
nm, compared to 0.47 nm for all other interaction sites.
Nonbonded Interactions. All the nonbonded Lennard-

Jones (LJ) type interactions (potential between site i and site j,
=V r( )ij

c

r

c

r
ij

ij

ij

ij

12;
12

6;
6 , where rij is the separation between

interaction site i and interaction site j and c6 and c12 are
constants) between the atom types are parametrized along the
MARTINI interaction levels, which allows for easy trans-
ferability and can, therefore, be used with all biomolecular
environments that can be represented with the MARTINI
force field. A complete description of the nonbonded
interaction parameters is presented in the Supporting
Information through heatmaps (Figures S3−S8). While most
of the cross-interactions between nonpolarizable interaction
sites are directly borrowed from the MARTINI force field, the
interactions between our polarizable groups had to be
reparametrized to balance out the added electrostatic
interactions from the charged dummies. Similar to the
MARTINI force field, the parametrization here aimed to fit
nonbonded interaction parameters to reproduce accurate free
energies of solvation and partitioning. The interaction level
between hydrophobic groups and the interaction sites
representing water is reduced by up to 50% from the
MARTINI level to reproduce appropriate environment-
induced structural transitions. These reductions balance out
issues of overpolarization by backbone dipoles and allow
conformational switching from helices to β-strands. We refer
readers to the previous publication by Ganesan et al. and
Sahoo et al. regarding further details about nonbonded
parametrization.57,58 The electrostatic charges on specific
dummy beads are enumerated in the Supporting Information.
A set of special interactions were added in an ad hoc manner

to capture specific protein−protein interactions. We applied
specific attraction (ϵ = 3.0 kJ/mol) between positively charged
groups (such as ions and cationic amino acid side chains) and
the aromatic rings to mimic cation−π effects.65 Similarly,
interactions between aromatic rings and proline side chains
with aromatic rings were made attractive (ϵ = 3.0 kJ/mol) to
capture π−π stacking and CH−π interactions that have been
highlighted in quantum mechanical calculations.66−68 These
electronic effects are ubiquitous in protein folding. Additional
dummy−dummy and dummy−charged group hard-core
repulsions (c12 ∼ 10−7 nm) were added to prevent over-
interaction between CG groups similar to methods to prevent
polarization catastrophe in polarizable force fields.69,70 This

allows for fast switching between conformations through
binding/unbinding among charged dummies.

Bonded Interactions. Bonded interactions can be broadly
categorized as bonds, angles, and dihedrals. The features
describing bonds in ProMPT�bond lengths (Table S2) and
bond rigidity were borrowed directly either from the
MARTINI force field or the previous iteration of this force
field.55,57,58 The corresponding parameters are enumerated in
the SI (Tables S2−S6). Some angular (between backbone
beads and first side chain) and dihedral potentials (backbone
only) were informed from statistical distributions of protein
structures.
We used a nonredundancy p-value of 10−7 to create a

database of about 14 000 protein structures from the protein
data bank. The angular and dihedral potentials were based on
their corresponding normalized distributions from this data-
base. The angle between the protein backbone sites was
universally set to 109°, restrained through a harmonic
potential. The angular potential between the backbone and
the side chain was created specific to each amino acid by
applying Boltzmann inversion at 300 K to each amino acid
specific distribution. These potential energy functions
corresponding to each amino acid have been reported in the
Supporting Information (Figures S9−S11). Finally, the
dihedral potentials between the backbone interaction centers
are secondary-structure specific, with different tabulated
potentials for α-helix, 3-10 helix, and β-sheets. The functional
forms of α-helix and 3-10 helix potentials were taken from
previous publications of Cα based coarse grained models.71
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The fitted parameters are provided in the Supporting
Information (Table S6). These periodic functions allow for
introducing multiple local/global minimums, in contrast to
single and deep global minima by Boltzmann inversion. We
parametrized these functions to set the global functional
minimum to match the maximum value in the dihedral
probability distributions of relevant secondary structures, in
addition to introducing several local minima. These local
extremes introduce additional frustrations to the protein’s
conformations and have been adopted in previous coarse
grained models.71 The tabulated β sheet potential is generated
through a direct Boltzmann inversion (at 300 K) of dihedral
distributions from regions specific to beta sheets in the protein
structure database. Figure 2 shows the dihedral potentials
employed in ProMPT.

Simulation Setup. All simulations are performed with
GROMACS 2019.4.72 The starting conformation and the
protein topology are generated with in-house codes, taking the
amino acid sequence from the reference PDB structures listed
in Table 1. The initial conformation for all the proteins is a
random unfolded extended conformation. The setup for each
protein system, including the number of protein beads, the
number of polarizable water molecules, and the temperature
details, is also listed in Table 1. An adequate number of ions
are added to neutralize the system. We have used reduced
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temperature, T* = KbT/ϵ, as our temperature scale, where ϵ is
the highest interaction strength (5.6 kJ/mol) in our CG
potential. The energy minimization is first conducted with the
steepest descent. An NPT equilibration run at T* = 0.52 for 50
ps is followed at 1 bar and with a time step 0.001 ps. The
canonical production run is then performed with a time step
0.01 ps for the simulation time listed in Table 1 at different
reduced temperatures. Since the box size is constant, the
solvent density remains the same across various temperatures.
The electrostatic cutoff is 1.6 nm, and the particle-mesh Ewald
(PME) method is applied for long-range electrostatic
interactions.73 A Nose-́Hoover thermostat is used to maintain
the system at the desired temperature.74

Analysis. We use the potential of mean force (PMF) plots
of Trp-cage, Trpzip4, and villin to validate the ability of our
CG force field to capture a protein’s conformational landscape.
Backbone native contact and root-mean-squared deviation
(RMSD) of peptide fragments are used as reaction coordinates
for PMF calculations. The backbone native contact measures
the fraction of backbone contacts with a cutoff of 7 Å that are
replicated in our CG trajectories that are native to the PDB-
converted-CG structure. The RMSD backbone (BB) is a
measure of relative deviation of our CG backbone from the
backbone beads in the PDB-converted CG structure. For all
proteins, the first 80 ns of trajectory data is removed, and the
equilibrated data are collected at all temperatures simulated
and reweighted through Multistate Bennett Acceptance Ratio
(MBAR) method.75 Here, we present the final PMF at T* =
0.52. For villin, we use a cluster analysis tool from GROMACS
with a RMSD cutoff of 0.3 nm to generate representative
conformation corresponding to each basin in the PMF. For the
aggregation simulations, two peptides are considered part of

the β-sheet if more than three dummy−dummy interaction
pairs are formed. A fraction of one means that all the peptides
(8 of them) are forming a β-sheet.

■ RESULTS AND DISCUSSION
Miniproteins Trp-cage and Trpzip4 are selected to be our first
test proteins because they are already well-studied both
computationally and experimentally.76−80 Trp-cage has an α-
helix starting from the N-terminus, a 3-10 helix in the middle,
and an unstructured C-terminal tail, which collapse together
forming a hydrophobic core (Figure 3c). Trpzip4 has a β-
hairpin structure with four Trp residues packed together.
Figure 3a shows the PMF for Trp-cage using native contact
and RMSD helix BB as two reaction coordinates. A two-state
folding/unfolding path can be observed from the PMF, which
agrees with experiments and REMD simulation results.76,81

The folded basin at around the 0.1 nm RMSD helix BB
indicates a perfect α-helix. The distribution of native contact is
relatively broader, from 0.6 to 0.7. The unfolded basin has a a
native contact of 0.4 to 0.5 and RMSD helix BB from 0.2 to 0.3
nm, indicating some partial helicity in agreement with previous
simulation reports.82 The PDB structure and a representative
folded structure with our CG model for Trp-cage are shown in
Figure 3c. Both the α-helix and 3-10 helix can be well
reproduced at the correct positions. The hydrophobic core
formed by Tyr3, Trp6, and three proline residues at the C-
terminus is also well captured as seen in the experimental
structure (Figure S12). Our estimation of ΔG for protein
folding is 3.2 kJ/mol, close to the experimental estimate of 2.6
kJ/mol.83 We also perform a set of replica exchange with solute
tempering (REST) simulations to estimate the folding−
unfolding free energy difference for Trp-cage; from the
atomistic simulations, the ΔG is estimated to be around 2.81
kJ/mol at 290 K (Figure S13). The time series of the two
reaction coordinates we use for PMF at T* = 0.82 are shown in
Figures S14 and S15. At this higher temperature (T* = 0.82),
our CG model could sample frequent transitions between the
folded states and the unfolded states. Figure 3b shows the
PMF for Trpzip4 with native contact and RMSD BB as the
reaction coordinates. The PMF of Trpzip4 also shows a two-
state folding/unfolding path, which agrees with experiments
and atomistic simulations. The folded basin for Trpzip4 is
located at 0.35 nm RMSD BB with a native contact of around
0.8. The unfolded basin has a broad RMSD BB distribution
from 0.5 to 0.7 nm with a native contact of around 0.4. Figure
3d shows both the PDB structure (left) and a representative
folded state for Trpzip4 with our model (right). The β-sheet
content can be well captured. Four tryptophan residues are
interacting with each other and forming a hydrophobic core as
observed in the experimental structure (Figure S16). Here, our
CG model estimated a ΔG value of about 7.3 kJ/mol for

Figure 2. Secondary-structure specific dihedral potential used in the
CG force field. The tabulated potentials are fitted (for α-helix and 3-
10 helix) or derieved (β-sheet) to capture the maximum value in the
dihedral probability distributions.

Table 1. Simulation Setup for Each Protein

Trp-cage Trpzip4 villin WW-domain β-α-β Aβ16-22
PDB code 1L2Y 1LE3 1YRF 1E0L 2KI0 a
number of proteins 1 1 1 1 1 8
number of water molecules 1957 1610 26391 30136 24998 2584
simulation time per temperature (ns) 200 200 600 100 200 300
temperature range performed 0.52−1.04 0.52−1.04 0.52−1.04 0.52,0.82 0.52,0.82 0.52
total number of temperatures simulated 15 15 19 2 2 1

aSequence: KLVFFAE.
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protein folding, compared to 12.3 kJ/mol reported in
experiments.84 From the REST simulations of Trpzip4, a ΔG
value of 4.53 kJ/mol is estimated (Figure S17), which is lower
than both that of the experimental data and the estimation
from our CG model. Again, the multiple folding−unfolding
transitions at a higher temperature (T* = 0.82) for the two
reaction coordinates, as time series are shown in Figures S18
and S19. We use the simulations of Trp-cage to evaluate the
computational efficiency improved by using our CG model
compared to atomistic simulations using an enhanced sampling
method. In order to get a converged PMF, we used different
protocols for atomistic (REST) and CG (replicas at different
temperatures). Therefore, the computational resources needed
will also depend on the choices of difference parameters such
as the number of replicas and the range of temperatures. Here,
we present a simplified comparison of the computational
resources used to get the estimate of folding−unfolding free
energy. Our CG model improves the computational efficiency
by at least 10-fold. This has not taken into account the extra
simulations needed to fine-tune the parameters for the REST
simulation protocol and the atomistic force field, that will lead
to an even higher computational cost in practice. The details of
the computational efficiency comparison are provided in the
SI. A similar comparison can be made between the resources
needed for a single folding event between our ProMPT CG
simulations and the previous long time scale unbiased
molecular dynamics simulations with all-atom resolution.85

Here, the improvement in computational efficiency is almost
21 000 times. Please refer to the note (in the SI) on
computational efficiency for further details.

Our next target protein�villin�has three helices with a
hydrophobic core. Successful folding of villin validates our CG
protein model for general applications to proteins with tertiary
packing of homogeneous secondary structures. Figure 4 shows

the PMF for villin with RMSD strand 1 (S1) and RMSD
strand 2 (S2) as two reaction coordinates, where the locations
of the two strands are highlighted in red. Strand 1 contains two
helices from the N-terminus (residues 2−18), while strand 2
only contains one long helix (residues 21−32) from the C-
terminus. There are one native state and two intermediate

Figure 3. PMF for Trp-cage (a) with RMSD helix BB and native contact as the reaction coordinates. PMF for Trpzip4 (b) with RMSD BB and
native contact as the reaction coordinates. Both PDB structure (left) and the representative structure (right) from our model for Trp-cage (c) and
Trpzip4 (d) are shown. Blue indicates the specific secondary structure each protein exhibits.

Figure 4. PMF for villin with RMSD S1 and RMSD S2 as the reaction
coordinates at T* = 0.52. The representative structures for each basin
are shown as insets.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.2c00269
J. Chem. Theory Comput. 2022, 18, 5046−5055

5050

https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00269/suppl_file/ct2c00269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00269/suppl_file/ct2c00269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00269/suppl_file/ct2c00269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00269/suppl_file/ct2c00269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.2c00269/suppl_file/ct2c00269_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00269?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00269?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00269?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00269?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.2c00269?fig=fig4&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.2c00269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


states populated at T* = 0.52. At higher temperatures, the
location of the unfolded basin shifts to more extended
conformations (Figure S20). All of the states populated at
T* = 0.52 have similar RMSD S1 values but different RMSD
S2 values, which correspond to different tertiary structures.
Indeed, it has been reported in experiments that although there
are fluctuations in the N-terminal part of villin, large-scale
unfolding will not occur unless undergoing global unfolding.86

In our model, global unfolding happens at higher temperatures,
where disruption of strand 1 can be found as seen in Figure
S20. The native state is centered at RMSD S1 0.35 nm and
RMSD S2 0.1 nm. The representative structure of the folded
basin with our model is very similar to the experimental
structure from PDB. For the intermediate states, one is
centered at RMSD S1 0.35 nm and RMSD S2 0.2 nm while the
other one is centered at RMSD S1 0.35 nm and RMSD S2 0.35
nm. Both of the intermediate basins show a decrease in helicity
for strand 2 and a loss of the hydrophobic core, while the
helicity for the basin with larger RMSD S2 is reduced further.
The intermediate states are similar to the states described in
the experimental work from Reiner and co-workers, where the
intermediate states have an unfolded strand 2 that is undocked
from the hydrophobic core.86 Both the native state and the
intermediate states are on the folded side of the folding−
unfolding landscape. The frequent transitions between folded
states and unfolded states for RMSD S1 and RMSD S2 are
shown at T* = 0.82 in Figures S21 and S22.
For the proteins having a tertiary structure with homoge-

neous β-sheets, we used the WW-domain as our benchmark
protein. The PDB structure is shown in Figure 5c with three
antiparallel β-strands and two long tails at both ends. A
representative folded structure with our model is shown in
Figure 5c. In Figure 5a, the RMSD BB time series without
considering the loop regions are shown at two temperatures.

From the time series at T* = 0.52, we observe that the
simulation converges at a value of RMSD BB around 0.3 nm.
The simulation can reach the folded state in about 20 ns. We
could note frequent transitions between folded and unfolded
states at T* = 0.82. The last protein we focus on is β-α-β (PDB
code: 2KI0), which is a designed protein that has a mixture of
secondary structures (partially α-helix and β-sheet) with a
defined tertiary structure. Using DSSP,87 we assigned the
secondary structures using one of the deposited NMR
structures in the PDB database. The antiparallel β-strands
only have four residues on each strand. Figure 5d shows a
representative folded structure with our model; the α-helix can
be well formed, while the β-sheets are formed but shifted.
Figure 5b shows the RMSD BB time series for β-α-β at two
temperatures, without considering the tails. The RMSD BB
converges at around 0.5 nm at T* = 0.52. The time series at a
higher temperature (T* = 0.82) is shown in red, which
confirms the ability of ProMPT to capture frequent transitions
between different states.
We have demonstrated that with our model we can fold a

variety of proteins, which include pure β-sheets, pure helices,
and proteins that have a defined tertiary structure composed of
homogeneous secondary structures. For proteins that have
mixed secondary structures such as β-α-β, the packing could
not be perfectly reproduced. We also attempted to simulate the
folding of another well-studied protein with heterogeneous
secondary structures�GB1 (PDB code: 2J52). GB1 is a
slightly larger protein with four β-strands and one α-helix.
Although our CG model could generate an accurate secondary
structure at appropriate regions, the overall tertiary packing
was not reproduced (results not shown). We compared the
molecular packing of amino acid side chains in ProMPT for
the GB1 to GB1 PDB native structure mapped into our CG
description. ProMPT simulations, with the backbone re-

Figure 5. RMSD BB time series for (a) WW-domain and (b) β-α-β at T* = 0.52 (blue) and T* = 0.82 (red). The PDB structure (left) and the
representative structure (right) are shown in (c) and (d) for WW-domain and β-α-β, respectively. Blue indicates the specific secondary structure
each protein exhibits.
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strained to the native state, resulted in a protein core with
packing defects and voids. On the other hand, the CG
structure mapped directly from the PDB native state showed
no such anomalies. Therefore, we postulate that appropriate
modifications to side-chain size can achieve adequate protein-
core packing required for correct tertiary structures. Proteins
with mixed folds will be our next target proteins and could
potentially be solved by adjusting the size and shape of each
amino acid in the CG model to better mimic the side-chain
geometry. A recent parametrization of the MARTINI 3 force
field has adopted this strategy and included several smaller
bead types to capture the accurate geometrical shapes of
biomolecules.45 This resulted in significant improvement in
molecular packing and could capture correct open and close
conformations in transmembrane proteins.
Beyond studying protein folding, ProMPT can also be

applied to study peptide aggregation. Here we demonstrate the
aggregation of Aβ 16-22 peptides in water at T* = 0.52. The
protein concentration in the system is 0.0426 M. Figure 6

shows the time series for the β-sheet fraction. The β-sheet
fraction fluctuates between 60% and 80%, indicating significant
fibrillation. Occasionally the β-sheet fraction can reach 100%,
where all the Aβ peptides are involved in the β-sheet
formation. Similar to previous experimental and simulation
studies, peptides organize into stable, layered β-sheet rich
structures.88−92 PHE residues are shown in yellow, and a
hydrophobic core formed by PHE packing can be observed
from the aggregate snapshot (inset of Figure 6). We observed
antiparallel β-sheets in our simulations, similar to the structures
reported by experiments.93 Nguyen et al. applied replica
exchange MD on the Aβ 16-22 monomer, dimer, and trimer to
study the effects of different atomistic force fields on the
formation of β-sheets.94 While AMBER99 and OPLS
generated a diversity of conformations, only GROMOS96
could successfully generate antiparallel β-sheets. With
ProMPT, we observe aggregation into β-sheet-rich, fibril-like
structures by 30 ns and can also qualitatively study the kinetics
of this aggregation process.
Here we must note that although similar energy scales are

used, comparisons should not be drawn with the MARTINI
family of force fields as MARTINI external restraints are

instituted to prevent structural transitions and spontaneous
unfolding.
The applications and validations of our CG model in this

work focused on capturing an accurate protein conformational
landscape and structural diversity in an aqueous environment.
This explicit treatment of the environment can capture local
electrostatic changes such as dielectric fluctuations more
effectively, which is necessary for several biomolecular
processes.64 Moreover, the importance of these local electro-
static changes was noted in protein folding by previous
reports.95 Also, the use of the explicit environment allows for
easy transferability of interactions while simulating proteins in
different biomolecular environments. We do not have to
reparametrize the protein force fields as the cross-interactions
between the protein and the environment would automatically
change with changing environments. Therefore, ProMPT can
have special applications in studies involving chemically
heterogeneous biomolecular systems due to its explicit
description of the environment (and solvent). Because of
similar parametrization of nonbonded interactions, ProMPT
can be patched with our in-house coarse grained membrane
model�water explicit polarizable membrane model (WEP-
MEM)�to study membrane and detergent assisted conforma-
tional transitions.57−59,96 ProMPT can also be patched with
our CG model for divalent ions to study metal-assisted protein
folding.97 Similarly, due to the use of the same nonbonded
interaction scales, ProMPT can be used alongside the
biomolecules parametrized in the MARTINI universe such as
oligonucleotides, lipids, and biological polymers without
explicit reparametrization. Finally, the modular architecture
of the force field allows for easy parametrization of other
biomolecules. Future work in our lab will be focused on studies
to elucidate these environment-driven conformational changes
in the protein structure and dynamics with this force field.

■ CONCLUSION
In this article, we developed a polarizable coarse grained model
with explicit representation for the environment�ProMPT.
The key objective here was to create a coarse grained
molecular dynamics force field to capture tertiary folding of
protein structures with minimal constraints. The CG mapping
scheme follows closely the MARTINI coarse grained force
field geometry. In ProMPT, the polar CG beads have explicit
drude-like charges that can couple a protein’s environment to
its structure and dynamics. We parametrized the nonbonded
interactions between CG beads through free energies of their
interaction with the environment. The bonded interaction
potentials were generated through analysis of corresponding
normalized bonded-feature distributions generated from a
database of nonredundant protein structures from the protein
data bank. This CG force field was validated by reproducing
the conformational free energy landscape of several well-
studied small protein systems. While ProMPT can accurately
fold protein structures with homogeneous secondary struc-
tures, we observed some side-chain packing defects in the
folding of proteins composed with heterogeneous secondary
structures. Our future research efforts will be focused on fixing
side chain packing through accurate mapping of side chain
geometry. Due to its transferability, ProMPT can be patched
with our previous in-house lipid and divalent ion models to
study protein folding assisted by the physiological environ-
ment.

Figure 6. Time series for the number of Aβ 16-22 peptide forming β-
sheets. An illustration of β-sheet aggregation is shown in the inset with
yellow representing PHE residues.
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