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ABSTRACT: Experimental and computational studies have indicated that hydrophobicity plays a key role
in driving the insertion of transmembrane R-helices into lipid bilayers. Molecular dynamics simulations
allow exploration of the nature of the interactions of transmembrane R-helices with their lipid bilayer
environment. In particular, coarse-grained simulations have considerable potential for studying many aspects
of membrane proteins, ranging from their self-assembly to the relation between their structure and function.
However, there is a need to evaluate the accuracy of coarse-grained estimates of the energetics of
transmembrane helix insertion. Here, three levels of complexity of model system have been explored to
enable such an evaluation. First, calculated free energies of partitioning of amino acid side chains between
water and alkane yielded an excellent correlation with experiment. Second, free energy profiles for transfer
of amino acid side chains along the normal to a phosphatidylcholine bilayer were in good agreement with
experimental and atomistic simulation studies. Third, estimation of the free energy profile for transfer of
an arginine residue, embedded within a hydrophobic R-helix, to the center of a lipid bilayer gave a barrier
of ∼15 kT. Hence, there is a substantial barrier to membrane insertion for charged amino acids, but the
coarse-grained model still underestimates the corresponding free energy estimate (∼29 kT) from atomistic
simulations (Dorairaj, S., and Allen, T. W. (2007) Proc. Natl. Acad. Sci. U.S.A. 104, 4943-4948). Coarse-
grained simulations were then used to predict the free energy profile for transfer of a simple model
transmembrane R-helix (WALP23) across a lipid bilayer. The results indicated that a transmembrane
orientation was favored by about -70 kT.

Integral membrane proteins are essential to cell function,
and account for ∼25% of open reading frames in most
genomes. However, to date only ∼120 distinct, high-
resolution structures of membrane proteins have been
determined (see http://blanco.biomol.uci.edu/Membrane_
Proteins_xtal.html for a summary), due to difficulties in
overexpression and crystallization. Despite this relative
paucity of structural data, and the incompleteness of our
knowledge of the interactions between membrane proteins
and lipid molecules, progress has been made in experimental
(1) approaches to understanding the folding and stability of
membrane proteins within a bilayer environment. However,
in order to exploit this knowledge to predict the structure of
novel membrane proteins, advances in computational ap-
proaches are required.

The location of a stably folded membrane protein is
determined by a complex balance of interactions, including
those made with the bilayer core, the interface, and bulk
solvent (2). While experimental investigation of the partition-
ing energetics of membrane proteins within bilayers has been

hampered by their resistance to reversible folding/unfolding,
the free energies of partitioning of their component residues
can be estimated by measuring the distribution of amino acid
analogues or short peptides (3-5) between different phases.
More recently, Hessa et al. have followed the insertion of a
series of designed protein constructs into the ER (endoplas-
mic reticulum) membrane (1). The resultant “biological
hydrophobicity” scale suggests that membrane protein inser-
tion is determined, to a first approximation, by the sum of
the hydrophobicity of the component amino acids, and also
revealed a strong dependence of partitioning on position
within the helix for some residues (1), consistent with
statistical analyses of available high-resolution membrane
protein structures (6).

It is therefore clear that the overall hydrophobicity/
hydrophilicity is a primary driving force in transmembrane
(TM1) helix insertion. Nevertheless, it is clear that other
factors may be important, such as protein flexibility (e.g.,
helix kinking) and membrane elasticity/deformability (7),
both of which may lead to helix/bilayer mismatch and/or
helix tilting.
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Molecular dynamics (MD) simulations provide comple-
mentary information to biophysical measurements of parti-
tioning, allowing one to explore the detailed interactions of
membrane proteins with their associated lipid bilayer envi-
ronment (8). However, at present, all-atom MD studies are
somewhat limited by a practical upper simulation time limit
of ∼100 ns, which hampers extensive sampling of such
complex systems and hence reduces the range of such
simulations (9-11).

In contrast, coarse-grained (CG-MD) simulations (12-18),
in which small groups of atoms are treated as single particles,
enable longer timescales to be addressed. Several approaches
have been applied to CG models for polymers, lipids, and
proteins (19, 20). Early folding studies utilized Goj-like
models (21) based on native protein contacts and spawned
a variety of structure-based CG models. Knowledge-based
statistical methods also provide a general approach to
deriving CG potentials, for prediction of e.g. protein structure
or location of proteins within an implicit membrane (6).
Potentials can also be derived for CG particles based on
atomistic functional groups. An empirical functional form
for such a model may be parametrized on the basis of all-
atom simulations. This may be achieved by iteratively
refining the CG potential to achieve a fit with e.g. radial
distribution functions from atomistic simulations (22). Al-
ternatively, a “force-matching” procedure (23), in which
forces derived from an atomistic MD simulation are sys-
tematically used to obtain effective pairwise CG potentials,
has been applied to pure and mixed (24) lipid systems, as
well as to a mixed atomistic-CG protein/lipid system (15).
Finally, interparticle CG potentials may be derived by
calibration against the physiochemical and thermodynamic
properties of atomistic functional groups to which the CG
particles correspond. Such an approach has recently been
used for development (12) and subsequent refinement (18)
of the lipid CG force field MARTINI.

We recently adapted this model for application to mem-
brane proteins, in which one CG particle is used to represent
the peptide bond (17, 25), and one or two particles represent
the side chain (with zero particles for Gly), yielding 13
different residue types for the 20 amino acids. Similar CG
models have been used to study membrane protein self-
assembly (26, 27) and ion channel gating (28). Our model
was primarily developed to simulate self-assembly processes
associated with membrane proteins, and hence calibrated on
the basis of structural data extracted from atomistic MD
simulations and biophysical experiments. The model was
subsequently shown to be successful in simulating membrane/
protein self-assembly (17, 25) and insertion (29, 30),
consistent with simulation and experimental data, and also
in agreement with statistical analyses of membrane protein
structures (31).

Despite the evident successes of the CG approach to
membrane proteins, it is important to evaluate its quantitative
accuracy (32), especially in the context of ongoing attempts
to improve the parametrization of amino acid/lipid interac-
tions for atomistic force fields (10). Monticelli et al. recently
extended the MARTINI force field to proteins, calibrating
the oil/water partitioning behavior of CG amino acid side
chain particles, and revealing good correlation for free energy
profiles across a lipid bilayer with atomistic simulations (33).
With a similar philosophy, we quantitatively evaluate and

refine our protein/lipid CG model, and also focus on the
energetics of interaction of charged amino acids and helices
with the membrane environment. The CG model is evaluated
in three increasingly complex models of insertion of com-
ponents of a membrane protein in a lipid bilayer. First, we
consider individual amino acid side chains. Our original set
of CG amino acid parameters (17, 25) is used, and iteratively
modified where necessary, to calculate amino acid oil/water
partition free energies, achieving good agreement with
experimental measurements. The chosen CG amino acid
parameters are then used to calculate the free energies of
transfer of each amino acid across a dipalmitoyl-phosphati-
dylcholine (DPPC) bilayer. Second, we consider the free
energy profile (i.e., potential of mean force; PMF) for
translation of a long (101 residue) oligo-leucine R-helix
containing a single arginine (LeuN.Arg) residue relative to
a DPPC bilayer. A very similar system has been explored
via atomistic MD simulations (34) as a simple model of the
bilayer/lipid interactions formed by the voltage sensor
domain of Kv channels (35) and thus is of some biological
importance. Third, we calculate a free energy profile across
a DPPC bilayer for WALP23, a simple model peptide TM
R-helix which captures many of the properties of canonical
TM helices in more complex membrane proteins (36). By
exploring this range of systems we are able to show that a
CG model is indeed capable of providing semiquantitative
insights into the structural principles of membrane proteins.

METHODS

Simulation Details. Simulations were performed using
GROMACS (www.gromacs.org) (37). CG simulations were
performed as described in ref 25, with CG parameters for
lipid molecules (dipalmitoyl-phosphatidylcholine, DPPC),
Na+ and Cl- ions, and water molecules as in ref 12. Lennard-
Jones interactions were shifted to zero between 0.9 and 1.2
nm, and electrostatics were shifted to zero between 0 to 1.2
nm, with a relative dielectric constant of 20. The non-bonded
neighbor list was updated every 10 steps. All simulations
were performed at constant temperature, pressure and number
of particles. In the amino acid side chain and WALP23 PMF
simulations, the temperatures of the protein, lipid, and solvent
were each coupled separately using the Berendsen algorithm
(38) at 323 K with a coupling constant τT ) 1 ps. The system
pressure was semi-isotropically coupled in the bilayer plane
(xy) and along the bilayer normal (z), using the Berendsen
algorithm at 1 bar with a coupling constant τP ) 1 ps and a
compressibility of 5 × 10-6 bar-1 in each direction. The
LeuN.Arg PMF simulations were identically temperature and
pressure coupled but at 310 K and with smaller coupling
constants τT ) 1 ps and τP ) 1 ps. In thermodynamic
integration simulations, the temperatures of the amino acid
analogues and solvent were coupled separately using the
Nosé-Hoover algorithm (39, 40) at 298 K with a coupling
constant τT ) 5 ps. The system pressure was isotropically
coupled using the Parrinello-Rahman algorithm (41, 42) at
1 bar with a coupling constant τP ) 5 ps and a compress-
ibility of 1 × 10-5 bar-1. The time step for integration was
40 fs. Analyses were performed using GROMACS tools and
locally written code. Visualization used VMD (43).

CG Protein Parameters. The equilibrium bonded param-
eters (bond and angle potentials) for backbone and side chain
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particles were as in ref 17. The coordinates for the CG
WALP23 peptide model (sequence GWW-(LA)8-LWWA)
were generated from an atomistic structure produced by
Modeler, using R-helical restraints for all but the terminal
residues as described in ref 25. Similarly, the coordinates
for the CG LeuN.Arg (sequence L50RL50) and LeuN (se-
quence L101) helices were generated from atomistic model
structures using R-helical restraints for all residues. The CG
peptide was composed of a chain of backbone particles with
attached side chain particles.

CG Protein Bonded Parametrization. Protein bonds were
all harmonically restrained with a force constant of 5000 kJ
mol-1 nm-2. Equilibrium bond lengths and angles were
chosen on the basis of comparison to a selection of high-
resolution membrane protein crystal structures (though little
variation is obtained when compared to soluble proteins).
The equilibrium bond length between backbone particles was
set to 0.36 nm independent of secondary structure, compared
to a value of 0.35 nm in MARTINI (33).

Side chain angles for all residues with two side chain
particles were harmonically restrained with a force constant
of 250 kJ mol-1 rad-2 and an equilibrium angle between
particles CA-CB-CG of 180° (Arg/Lys), 54° (Trp), or 60°
(Phe, Tyr, His). Bond lengths involving side chain particles
were chosen by estimating the mean distance between the
CR atom of an amino acid and the center of mass of the
heavy side chain atoms (weighted by the number of atoms,
assuming a 4:1 atom:CG particle ratio), which the respective
CG side chain particle represents. In this way, the CG amino
acids were expected to accurately match the size and surface
area of the equivalent atomistic structures. Equilibrium bond
lengths were as follows: Ala ) 0.09 nm (CA-CB); Cys )
0.17 nm (CA-CB); Asp ) 0.26 nm (CA-CB); Glu ) 0.36
nm (CA-CB); Phe ) 0.42 nm (CA-CB, CA-CG, CB-CG);
His ) 0.38 nm (CA-CB, CA-CG, CB-CG); Ile ) 0.26
nm (CA-CB); Lys ) 0.31 nm (CA-CB), 0.21 nm
(CB-CG); Leu ) 0.28 nm (CA-CB); Met ) 0.31 nm
(CA-CB); Asn ) 0.26 nm (CA-CB); Pro ) 0.19 nm
(CA-CB); Gln ) 0.36 nm (CA-CB); Arg ) 0.37 nm
(CA-CB), 0.25 nm (CB-CG); Ser ) 0.16 nm (CA-CB);
Thr ) 0.20 nm (CA-CB); Val ) 0.20 nm (CA-CB); Trp
) 0.47 nm (CA-CB), 0.38 nm (CA-CG), 0.28 nm
(CB-CG); Tyr ) 0.38 nm (CA-CB, CA-CG, CB-CG).
Comparing with MARTINI, and excluding ring-containing
amino acids (which are treated differently here), equilibrium
bond lengths are highly correlated, but ∼0.05 nm shorter
here. We found our bonded parameters to most accurately
reproduce protein-protein interactions at tight interfaces, as
in ref 26. Irrespective, control thermodynamic integration
simulations (below) revealed little variation (i.e., significantly
less than the error in individual calculations, <0.5 kT) in
partition free energies upon significant variations (i.e.,
between half to twice) in the equilibrium bond length.

All angles for the protein backbone particles were har-
monically restrained with a force constant of 250 or 350 kJ
mol-1 rad-2 for regions of random coil or R-helix, respec-
tively. Equilibrium bond angles were 90° for R-helical
segments, 120° for random coil regions, and 130° for
�-structures. This may be compared to similar values of 96°,
127°, and 134° in MARTINI (33).

CG Protein Secondary Structure Restraints Parametriza-
tion. In WALP23, the distance between backbone particles

was restrained to mimic secondary structure hydrogen bonds
(H-bonds) in the atomistic structure, using a harmonic
distance restraint with an equilibrium length of 0.6 nm and
a force constant of 1000 kJ mol-1 nm-2. In the LeuN.Arg
and LeuN helices, backbone particles which were within 3.0
nm of each other were restrained to their initial distances
with an identical force constant of 1000 kJ mol-1 nm-2. This
was necessary to maintain a rigid R-helical structure similar
to that employed in published atomistic simulations (44) and
to avoid the introduction of noise during sampling.

A value of 1000 kJ mol-1 nm-2 was chosen as the force
constant for distance restraints on the basis of iterative
comparison of protein backbone root-mean-squared fluctua-
tions (RMSF), a measure of flexibility, for a number of long-
time scale atomistic and CG simulations. Using this force
constant with the secondary structure H-bonding harmonic
distance-restraints approach (17, 25), excellent correlation
was achieved between RMSF profiles calculated for simula-
tions of simple R-helical peptides or �-barrel proteins with
long, flexible connecting loops. Similar results were obtained
using the same force constant with an elastic network model
(ENM) approach for complex R-helical multipass TM
proteins (17), and for other protein test cases (26, 27, 29).
Critically, in each case, the magnitudes of the atomistic and
CG RMSF simulation profiles were identical. When a value
appreciably below 1000 kJ mol-1 nm-2 was used for the
structural-restraint force constant, significant unfolding and/
or distortion of the protein structure was observed, while
the root-mean-squared deviation (RMSD) of the backbone
structure rose above that typically expected from a normal
atomistic membrane protein simulation. Above 1000 kJ
mol-1 nm-2, no improvement in the correlation of structural
fluctuations or conformational deviations between atomistic
and CG protein simulations was observed. Much above 5000
kJ mol-1 nm-2, numerical instabilities arose in the simulation
using a given integration time step.

CG Protein Non-Bonded Parameterization. As described
in ref 12, only four CG particle types (all with the same
effective diameter of 0.47 nm) are distinguished, namely
“polar” (P), “mixed polar/apolar” (N), “hydrophobic apolar”
(C), or “charged” (Q) groups, along with further subtypes
for the N and Q particles which allow fine-tuning of Lennard-
Jones interactions to reflect hydrogen-bonding capacities (N0/
Q0 ) no H-bonding; Nd ) H-bonding donor; Na )
H-bonding acceptor; Nda ) H-bonding donor and acceptor).
The non-bonded interactions between these particles are
described by a Lennard-Jones (LJ) potential with five levels
of interaction, and the hydrogen-bonding subtypes for N and
Q particles simply modulate this LJ interaction with other
particles. Q particles also interact via the standard electro-
static Coulombic potential.

The constituent particles for each CG amino acid side
chain were initially selected based on the hydrophobicity/
hydrophilicity, partial charges, and hydrogen bonding capac-
ity of their component atoms, as detailed in ref 25. The
transfer free energies between polar and apolar solvents were
estimated using this initial CG parameter set, by carrying
out thermodynamic integration simulations. Following this
initial “calibration” stage, the resulting transfer free energies
were then used to refine the parameters for some amino acid
side chains, guiding the implementation of one or more new
particle types. For side chains with new parameters, ther-
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modynamic integration calculations were repeatedly per-
formed. In this way, the fit between calculated and experi-
mental free energies (Figure 1) was iteratively improved. The
final particle types assigned to each amino acid side chain
are as follows: Ala, Ile, Leu, Pro, Val ) C; Phe ) C + C;
Cys, Met ) Nd; Ser, Thr ) Nda; Asn, Gln ) P; Tyr ) C +
P; His ) Nd + Nda; Trp ) C + Nd; Asp, Glu ) Qa (charge
-1); Lys ) C+Qd (charge +1); Arg ) Nd + Qd (charge
+1). Their free energies of transfer are detailed in Table S1
in the Supporting Information.

It should be noted that the our particle assignment for
amino acids is based on the original Marrink CG lipid force
field, rather than the MARTINI parameter set, which
introduced more particle interaction levels to improve the
partitioning free energies of model compounds, but retained
the main features of the force field, i.e. a four-to-one mapping
of atoms to particles, and use of only four main types of
interaction site. A comparison of the transfer free energies
presented here with those of MARTINI (33) (Table S2 in
the Supporting Information) reveals rather close agreement,
with an unsigned difference of ∼2 kT, i.e. comparable to
the unsigned error with experimental free energies estimated
by both groups. This is unsurprising, given that the amino
acid parameter sets are similar, i.e. apolar amino acids are
represented by C-type particles, polar uncharged amino acids
by P-type particles, small negatively charged side chains by
negative Q-type particles, and positively charged side chains
by positive Q-type particles combined with uncharged
particles.

The difference in treatment of ring-based side chains
should be noted. Here, we chose to treat the ring-based side
chains with a combination of two particles, bonded to each
other and to a single backbone particle, hence forming a
simple triangular structure which roughly approximates the
planar element of the side chain ring, and provides the
necessary membrane-partitioning and side chain orientation
behavior for the amphipathic aromatic amino acids, as
described in the Results section. On the other hand, Mon-
ticelli et al. (33) utilize an alternative, smaller ring particle
introduced in the newer MARTINI forcefield (18), thus
allowing more ring-structure detail with the use of 3-4
particles for the ring side chain. Our own testing of such
treatment of rings in previous studies (see e.g. ref 17)
suggested that while some improvement in side chain detail
is achieved by using three side chain particles, no improve-

ment is observed in the structural detail of protein-protein
interactions, or in the effects of e.g. model CG sterol
molecules on lipid tail ordering. Attempts to improve this,
such as adding bond-constraints to remove out-of-plane
distortions, were unremarkable and also required reduction
of the maximum integration time step, necessary to avoid
numerical instabilities arising from fast fluctuations. Indeed,
a maximum time step of 25 fs is reported by Monticelli et
al., compared with 40 fs here. Hence, we decided that the
improvement in simulation speed sufficiently outweighed the
problems related to reduced detail in the ring geometry.

Particle type Nd was used for backbone particles within
the WALP23 helical region, since our PMF calculations
(below) show that its free energy for insertion into the center
of a DPPC membrane is slightly unfavorable (by ∼1-1.5
kT). This value is consistent with experimental estimates for
bilayer partitioning of hydrogen-bonded peptide bonds (4, 5).
In the LeuN.Arg and LeuN helices, the backbone particle
types were assigned based on the participation of the
constituent atoms in hydrogen bonding as determined from
the atomistic structures (25). Thus, the N-terminal 4 residues
were assigned backbone particle type Nd and the C-terminal
4 residues assigned backbone particle type Na, with all other
residues assigned type N0. It should be pointed out that at
both limits of the sampled range along the reaction coordi-
nate, L4 and L98 are at the limits of the non-bonded
interaction cutoffs with respect to the bilayer so we expect
the LeuN.Arg/LeuN systems to be roughly translational
invariant.

Thermodynamic Integration. The partition free energies
for CG amino acid analogues were calculated by estimating
the solvation free energies (∆G) in both polar and nonpolar
solvents. To calculate each of these, the thermodynamic
integration (TI) formula was applied (45), where the Hamil-
tonian is a function of coupling parameter λ:

∆G)∫λ)0

1 〈dH(λ)
dλ 〉λ

dλ

Thus, the non-bonded interactions between the amino acid
analogue and solvent particles were gradually abolished (i.e.,
the analogue was converted to dummy particles, λ ) 0).
While the non-bonded terms were turned off, the masses and
bonded terms remained the same. The ensemble average for
each amino acid analogue was evaluated at 21 discrete
λ-points by performing separate CG-MD simulations with
λ increments of 0.05. The integral was subsequently deter-
mined numerically.

Errors at each λ-point were estimated using block averag-
ing; these were integrated to obtain an estimate of the total
error in ∆G. To avoid singularities, a soft-core potential
function was used, with R ) 1.51 and σ ) 0.3 nm as in ref
45. The accuracy of the solvation free energy calculations
was confirmed by performing control TI simulations in
which: greater numbers of λ-points were used; soft-core
potential variables were changed; and the TI pathway was
reversed (i.e., λ was gradually changed from 0 to 1). In each
case, variations in the average ∆G of no more than 0.5 kT
were observed.

Thermodynamic integration CG-MD simulations were
carried out for each amino acid analogue in both polar (CG
particle type P) and nonpolar (CG particle type C) (12)
solvent. Only neutral side chain analogues were considered,

FIGURE 1: Correlation between experimental and CG-MD simulated
free energies of transfer for neutral amino acid side chain analogues
from water (water, CG particle type P) to nonpolar solvent
(cyclohexane, CG particle type C).
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so that the Qa particles of Asp/Glu and Qd particles of Lys/
Arg were assigned a charge of 0. All systems contained 1
amino acid analogue and 711 solvent particles, in a cubic
box of linear dimension 4.4 nm (nonpolar solvent system)
or 4.6 nm (polar solvent system). Prior to simulation, the
system was energy minimized using <100 steps of the
steepest descent method, to relax any steric conflicts between
the amino acid analogue and solvent. Each λ-point simulation
was carried out for 400 ps, the first 100 ps of which were
discarded as the equilibration period. Using this method, the
free energies of partitioning for each side chain analogue
were obtained as detailed in Table S1 in the Supporting
Information.

It should be noted that a similar approach to parametriza-
tion via oil/water partition free energies was taken recently
by Monticelli et al. (33). However, instead of applying TI,
energies were calculated by estimating the equilibrium
densities of low concentrations of CG particles dissolved in
a water/butane two-phase system. Using this approach, the
concentration of the amino acid of interest must approach
infinite dilution. This perhaps has the advantage that it seems
more physically comprehensible, comparable to experimental
measurement of distribution coefficients between different
phases. However, for some residues, extremely long times-
cales may be required to achieve reliable free energy
estimates. In some cases they will not achieve convergence
(33); the density of the most polar amino acids is presumably
vanishingly small in the nonpolar phase. For this reason, we
chose the TI method to estimate partition free energies.
Nevertheless, both approaches are valid, and encouragingly,
for common CG particles, very similar results are obtained.

Potential of Mean Forces Via Umbrella Sampling. PMFs
were calculated by carrying out a series of umbrella sampling
simulations, before unbiasing with the weighted histogram
analysis method (WHAM) (46). The parameters for the PMF
calculations of individual amino acid side chain analogues,
and the WALP, LeuN.Arg and LeuN helices, were the refined
amino acid CG parameters whose partition free energies best
matched with experiment, calculated in the previous stage
by thermodynamic integration.

For the amino acid analogues, starting configurations for
each umbrella window were obtained by simple superposition
of each amino acid analogue into the center of a preas-
sembled bilayer system, which was produced in a previous
simulation (25). For the WALP peptide and the LeuN.Arg
and LeuN helices, a few lipids were removed prior to
superposition to reduce steric overlap between lipid and
protein. For umbrella sampling, the center of mass of the
amino acid/WALP peptide/LeuN.Arg and LeuN helices was
harmonically restrained to subsequent positions, each sepa-
rated by ∆z ) 0.1 nm, along the membrane normal, with a
restraining force constant of 1000 kJ mol-1 nm-2. For each
amino acid analogue, 85 windows were used with limits of
+4.2 and -4.2 nm with respect to the bilayer center, ensuring
good sampling into the bulk solvent region. For the WALP
peptide, 121 windows were used between +6.0 and -6.0
nm with respect to the bilayer center; the increased number
of windows ensured that the minimum distance between
peptide and bilayer was beyond non-bonded interaction
cutoffs. For the LeuN.Arg and LeuN helices, 80 windows
were used between +4.0 and -4.0 nm with respect to the
bilayer center. At the limits, the Arg residue was located in

bulk solvent beyond the non-bonded interaction cutoffs. The
choice of umbrella sampling parameters allows the molecule
of interest to diffuse into neighboring windows, as confirmed
by analysis of sampling histograms. In the LeuN.Arg/LeuN
PMF simulations, each helix had a tendency to “collapse”
into the bilayer to minimize exposure of the hydrophobic
segments of the helix to the polar water particles. To prevent
this, the backbone particles of the terminal residues were
restrained in x and y to ensure the helix remained trans-
membrane relative to the bilayer.

For the amino acid analogues, the final system had
dimensions 6.4 × 6.4 × 10.9 nm3, and consisted of 1 amino
acid analogue molecule, 128 DPPC lipids, and 2181 CG
water particles (for charged amino acid analogues, 2 CG
“solvated ion” particles of charge (0.5 e replaced 2 water
particles, to maintain overall system electroneutrality). For
the WALP peptide, the final system had dimensions 9.0 ×
9.0 × 12.1 nm3, and consisted of 1 peptide, 252 DPPC lipids,
and 5139 CG water molecules. For the LeuN.Arg and LeuN
helices, the final system had dimensions 12.2 × 10.5 × 27.9
nm3, and consisted of 1 helix, ∼410 DPPC lipids, and
∼25000 CG water molecules (similarly, 2 CG “solvated ion”
particles of charge -0.5 e were added for LeuN.Arg). Prior
to simulation, each window system was energy minimized,
using <500 steps of the steepest decent method, to relax
any steric conflicts between protein, lipid and solvent. For
the amino acid analogues, each window simulation was run
for 25 ns, the initial 5 ns being discarded as equilibration
time. For the WALP peptide, each window simulation was
run for 50 ns, the initial 20 ns being discarded as equilibration
time. The longer equilibration time for the peptide primarily
reflects the greater configurational phase space available to
the helix as it rotates around its restrained center of mass.
For the LeuN.Arg and LeuN helices, each window simulation
was run for 20 ns with the initial 5 ns discarded as
equilibration time. Unlike the rotational freedom available
to WALP23 about its center of mass, the LeuN.Arg helix
was less complex with the crucial degree of freedom being
the conformational space explored by the Arg side chain,
thus allowing for a shorter simulation duration. A single PMF
comprised 1.7, 3.6 or 1.2 µs of simulation time, for an amino
acid analogue, WALP peptide, or LeuN.Arg/LeuN helix,
respectively. This is equivalent to ∼30-90 million configu-
rations of the respective sampled molecule (at a simulation
time step of 40 fs).

Histograms were unbiased using WHAM, with 200-400
bins and a tolerance of 10-5 kT for window offsets. PMFs
were converged with respect to these variables, as established
by calculating control PMFs with a variety of bins and
tolerance values. PMFs were converged with respect to
number of simulation windows and equilibration time, as
established by block analysis, whereby PMF curves calcu-
lated over the first and second halves of equilibrated
simulations overlapped. Error bars for each PMF window
represent the difference between these two halves. It should
be noted that while the one-dimensional PMF is normally
ill-defined in bulk regions where the motion of a test
molecule is not bounded orthogonal to a reaction coordinate,
the use of a coarse-grained representation and long simulation
times here enabled sufficient sampling to provide a converged
(and symmetrical) PMF in the lipid bilayer and in bulk
solvent.
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RESULTS

The aim of the current study is to evaluate the quantitative
accuracy of the CG-MD method with respect to prediction
of insertion of R-helices into lipid bilayers. This is of especial
interest in the context of the ongoing debate concerning the
free energy of insertion of R-helices containing charged
residues such as the Arg-containing S4 helix of voltage-
sensitive ion channels (29, 32, 35, 44, 47).

To this end we perform a series of free energy calculations
on systems of increasing complexity. First, we compare
simulated (CG-MD) and experimental partitioning free
energies for neutral amino acid side chain analogues between
a polar and a hydrophobic solvent. Having established the
accuracy of the CG side chains, we next apply the umbrella
sampling method to calculate the PMF for each CG amino
acid analogue, using the newly parametrized CG amino acids,
to obtain their free energy profile along the bilayer normal.
This permits comparison with equivalent distributions from
statistical analyses of membrane protein structures. Having
thus evaluated our model vs experimental observations we
explore the energetics of two model systems. The first is an
oligo-Leu R-helix containing a single Arg residue (Le-
uN.Arg) which has been explored as a simple model of a
TM helix containing a basic side chain in detailed atomistic
simulations (34). The second is an idealized model of a
canonical TM R-helix, WALP23, which consists of a
hydrophobic core (of alternating Ala and Leu residues) and
which is capped at either end with Trp residues. The WALP
peptides have been explored in some detail as model TM
helices both by experiment (36, 48) and by atomistic
simulation (49).

Free Energy of Partitioning for Side Chain Analogues.
Partition free energies for neutral side chain analogues were
calculated by estimating their solvation energies in water (CG
particle type P) and in a nonpolar alkane solvent (CG particle
type C) via thermodynamic integration (Table S1 in the
Supporting Information). Comparison with experimental
transferfreeenergiesfortransferfromwater tocyclohexane(3,6)
yielded a correlation coefficient of 0.93 for all amino acids
(Figure 1), and an average unsigned error of ∼2.3 kT. This
is similar to errors from all-atom (AT) forcefields such as
OPLS, and almost twice as small as the error obtained for
GROMOS96 (10). It also comparable to the ∼2 kT difference
estimated from equilibrium densities of low concentrations
of CG particles dissolved in a water/butane two-phase
system, obtained with the MARTINI forcefield (33).

In previous all-atom studies, transfer from water to
cyclohexane for most side chains was more favorable than
expected compared to experimental values (10). We observed
this only for some of the hydrophobic residues, suggesting
that the interaction between nonpolar particles may be too
strong. This is primarily evident for the side chain of Phe,
where simultaneous representation of its size, and limited
hydrophobicity estimated by partitioning experiments, proved
difficult. This is because of the absence of the unsaturated
aromatic ring in the CG model. Experimentally, aromaticity
of molecules leads to their aqueous solubility being higher
than expected (3), which may be in part due to association
effects as a result of ring stacking. However, in a bilayer
environment such effects are absent, and in this context the
CG representation of Phe is expected to be reasonable (see

next section). Moreover, as has been noted (10), excess
hydrophobicity may not unduly affect the location of
membrane proteins in predictions.

Potential of Mean Force for Transferring Side Chain
Analogues through the Membrane. Each amino acid analogue
was transferred along the normal (z) of a 128-lipid DPPC
bilayer, to yield a PMF via a series of 20 ns umbrella
sampling simulations (Figure 2). Encouragingly, a correlation
coefficient of 0.99 was observed between transfer energies
from bulk water to the bilayer center and the water-hydro-
phobic solvent partition energies calculated above, confirm-
ing the agreement of the two methods of approaching free
energies. As well as showing good agreement with experi-
mental water/cyclohexane transfer free energies, there was
also good correlation (∼0.83) with the recently derived
“biological” hydrophobicity scale (6).

Beyond correlation with experimental hydrophobicity
scales, the PMF curves broadly agree with data obtained from
statistical analyses of the distribution of residues in mem-
brane protein structures (6, 31) and with positional variations
in “biological” hydrophobicity (6), as well as all-atom PMFs
(10). For example, among the smaller amino acids, those
with aliphatic side chains (Figure 2A) partition favorably

FIGURE 2: Potentials of mean force (i.e., ∆G profiles) for transfer
of amino acid side chain analogues across the normal (z) of a DPPC
bilayer and into bulk solvent. PMFs are shown for small aliphatic
and polar amino acids (A), aromatic amino acids (B), and ionizable
amino acids (C). The curve for each amino acid is indicated by
inset labels. In each PMF, error bars represent the difference
between PMFs calculated for the first and second halves of each
simulation. Gray dotted lines indicate centers of phosphate particle
peaks (Figure S1 in the Supporting Information). In calculating these
PMFs, windows were separated by ∆z ) 0.1 nm, with a single
PMF comprising 1.7 µs of simulation time.
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within the entire bilayer, with a deep minimum at the center
of the lipid tails. Cys/Met partition equally between solvent
and the bilayer center but favor the interface slightly,
reflecting the small hydrogen-bonding capacity of their
sulfhydryl groups. This can be contrasted with the polar side
chains of Ser/Thr and Asn/Gln for which transfer to the
center of the bilayer is highly unfavorable. Ser/Thr also has
a small minimum at the bilayer interface, favoring the
glycerol/phosphate region over the choline groups. Compa-
rable agreement was observed in recent PMFs for amino
acids transferred through a dioleoylphosphatidylcholine
(DOPC) bilayer using the MARTINI forcefield (33), although
in that case, a small barrier to insertion was also observed
for the hydrophobic aliphatic residues in the proximity of
the lipid headgroup region.

The balance of transfer free energies for the ring-
containing side chains (Figure 2B) is particularly important
given the well-known interfacial roles of Trp/Tyr in “anchor-
ing” membrane proteins. Phe is purely hydrophobic and
partitions extremely favorably throughout the membrane,
with a similar PMF to the small aliphatic analogues, but with
a deeper minimum by ∼5 kT. A large free energy minimum
was also observed for Phe in MARTINI (33), although the
well was less deep by ∼4 kT. His, Trp and Tyr show more
complex partitioning behavior. Although His partitions at
the bilayer interface, it is rather polar and a large barrier is
observed at the center of the membrane. Both Tyr and Trp
have pronounced local energy wells at the membrane
interface, as expected for these “anchoring” amino acids. This
is reflected in the angle adopted by the aromatic plane with
respect to the bilayer normal, the amphipathic distribution
of CG particles for their side chains orienting with respect
to the hydrophobic-polar boundary (Figure S2 in the Sup-
porting Information). Nevertheless, there is a barrier to Tyr
entering the middle of the bilayer, reflecting its hydroxyl
group, whereas the more hydrophobic Trp still favors
partitioning into the bilayer center compared to bulk solvent.
The pattern of partitioning for Trp vs Phe is supported by
all-atom equilibrium simulations (50). Again, comparable
PMF curves were observed for MARTINI (33), with local
and global energy minima at the membrane interface and
membrane center respectively, for Tyr and Trp, but only a
single free energy minimum at the interface and a large
barrier of ∼7 kT in the core of the membrane for His.

The charged residues experience large barriers to insertion
into the hydrophobic core of the bilayer (Figure 2C), as
expected from analysis of membrane protein structures (6)
as well as the “biological” hydrophobicity scale, particularly
with respect to their positional dependency (6). Arg has the
largest barrier to membrane insertion, followed by Asp/Glu,
and Lys, as observed in all-atom simulations (10). Also in
agreement, large free energy minima are observed for Arg
and Lys in the vicinity of the interfacial glycerol/phosphate
groups, reflecting their charge and “snorkeling” ability (9, 34).
In contrast, no local free energy minima are observed for
the small and negatively charged Asp/Glu, also consistent
with atomistic (AT-MD) simulations (11). The “snorkeling”
of the basic residues is reflected in the angle adopted by the
side chains with respect to the bilayer normal (Figure S2 in
the Supporting Information). They evidently reorient around
the interfacial region, with their charged terminal particles
pointing toward the polar glycerol backbone and negatively

charged phosphate groups. In absolute terms, while the
transfer free energies from bulk solvent to the bilayer center
for the neutral forms of Arg Lys, Glu, and Asp are
comparable to all-atom estimates, the transfer energies for
the charged forms are ∼50% of their atomistic counterparts
(10). Similarly, in MARTINI the shapes of the atomistic PMF
curves were reproduced for the charged residues, but the
absolute barrier to membrane insertion was significantly
underestimated (33). This discrepancy is addressed in more
detail below.

Translating a LeuN.Arg Helix through a Bilayer. To
explore the issue of possible insertion of TM helices
containing a basic residue into a lipid bilayer (discussed
above) we have explored the PMF for translation of
LeuN.Arg along the bilayer normal. This was designed to
reproduce as closely as possible the AT-MD simulations of
Allen and colleagues (34), permitting comparison between
the CG and AT PMFs. As a control simulation, we also
calculated the PMF for translation of a purely hydrophobic
(LeuN) R-helix along the bilayer normal. The simulation
system employed is shown in Figure 3A. For the LeuN.Arg
simulations, this consists of a 101-residue R-helix, with an
Arg residue located at the center of the R-helix flanked by
50 leucines on either side, and a bilayer of ∼410 DPPC lipid
molecules. Thus the helix is 15.4 nm long. Thus the range
of translation (from z ) -4 to +4 nm) is such that the Arg
is moved right across the bilayer. (Note that at the limits,
the Arg residue is beyond the non-bonded interaction cutoffs
with respect to the bilayer.) Furthermore, at all stages the
helix termini sit well clear of the membrane in the aqueous
compartment on either side.

The resulting PMFs for LeuN vs LeuN.Arg are shown in
Figure 3B. It can be seen that, as anticipated, the PMF for
LeuN is essentially flat with an average (over z, (standard
deviation) of -0.2 ( 0.5 kT. In contrast PMF for LeuN.Arg
shows a pronounced (14 to 15 kT) barrier for z ) -0.7 to
+0.7 nm, corresponding to the Arg side chain in the center
of the bilayer. The shape of the profile is comparable to that
observed in the AT simulations, although somewhat broader
at the top. The barrier height in the CG-MD simulations (∼15
kT) is about half of the estimated from AT-MD (∼29 kT)
(34). This correlates with the single amino acid side chain
PMF results (see above). Interestingly, the Arg side chain
was seen to snorkel toward the water as it was translated
toward the bilayer core (Figure S3 in the Supporting
Information), which was also observed in previous AT-MD
simulations (34). This allowed the charged Arg side chain
to interact favorably with the lipid phosphates and interfacial
waters. The approximate rotational symmetry of Figure S3
in the Supporting Information about z ) 0 Å provides further
confidence that our umbrella sampling simulations were of
sufficient duration.

That the barrier height experienced in the center of the
lipid bilayer for Arg is significantly underestimated in
comparison with atomistic simulations is perhaps not unex-
pected. Atomistic simulations of a basic side chain located
in a membrane, either as an isolated side chain (10) or as
part of a hydrophobic R-helix (9, 34), reveal large water
defects which accompany the charged side chain within the
low dielectric milieu. While bilayer deformation and some
degree of water penetration are observed in our CG model,
they are not as pronounced as those observed in correspond-
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ing atomistic simulations (44, 51). The lack of a dipole on
the simplified CG water particle leads to a reduction in
desolvation energy, and also prevents formation of extended
“water wires” within the membrane.

Potential of Mean Force for Transferring WALP23
through the Membrane. We calculated the partitioning free
energy profile of the R-helical WALP23 peptide within a
252-DPPC bilayer as a model of a canonical TM R-helix.
The WALP family of engineered peptides consist of Trp-
flanked oligo-(Leu-Ala) sequences, simulations of which
suggest that an interfacially bound intermediate may be
important during folding/insertion (52). The PMF (derived
from a total of 3.6 µs of simulation) was calculated via a
series of 50 ns umbrella sampling simulations, during which
the peptide center of mass (com) was restrained at positions
separated by ∆z ) 0.1 nm along the membrane normal, z
(Figure 4). A number of trial simulations, on this and more
complex systems (53), suggested that 50 ns was long enough
for other degrees of freedom to equilibrate.

As expected for a TM helix, a deep energy minimum is
observed in the center of the membrane, at z ) 0 nm (Figure
5A). The peptide remains in a TM orientation within z ≈

(1 nm on either side of the bilayer center (Figure 5B), with
the terminal Trp residues anchoring the peptide to either
leaflet (Figure 4). A small degree of positive bilayer
mismatch (∼3.9 nm, compared to ∼4.1 nm in a pure bilayer)
is observed in this region, as estimated by the mean distance
between phosphate particles of opposing membrane leaflets
within 0.5 nm of the peptide (Figure 5C). However,
consistent with experimental data (48), only limited helix
tilting occurs in response to this, with an optimal tilt angle
of ∼10-15° (Figure 5B), which is comparable to previous
CG simulations using our model (25) and MARTINI (33).

After z ≈ (1 nm, the boundary of the TM energy well is
reached, with a total free energy change of ∼10 kT (Figure
5A), as a pair of peptide-anchoring Trp residues are fully
removed from one leaflet (Figure 4). The helix adopts a
locally favorable interfacial in-plane orientation (Figure 5B).
Interestingly, atomic force microscopy (AFM) pulling studies
of WALP23 peptides also revealed single barriers to removal,
at ∼0.75 nm, corresponding to mechanical removal of the
helix out of the hydrophobic membrane core and into the
interface (54).

Following the observed switch to an interfacial location,
changes in free energy (of ∼40 kT) up to z ≈ (3 nm (Figure
5A) are largely manifested by an increasingly negative
bilayer mismatch (Figure 5C) as the peptide locally drags
lipid headgroups from the membrane surface (Figure 4). After
this z range, the bilayer distortion is rapidly abolished as
the peptide reorients (Figure 5B) so that only the terminal
region of the helix, with its flanking Trp residues, makes
contact with lipid (Figure 4). It should be noted that the
peptide might subsequently be expected to unfold, exposing
backbone hydrogen bonds to solvent, as suggested by
combined AFM/MD studies (54), but during CG-MD, helical
restraints are applied. After z ≈ (4 nm, the PMF plateaus
as the helix is completely extracted (Figure 5A).

DISCUSSION

The studies reported in this paper suggest that a relatively
simple CG model is capable of capturing the energetics of

FIGURE 3: A: System setup for the LeuN.Arg simulation. The LeuN.Arg helix backbone is shown in blue, with the central Arg residue
shown in red space-filling format. The phosphate particles of the DPPC bilayer are shown in green space-filling format. All other particles
are omitted for clarity. B: PMF translation of LeuN and of LeuN.Arg helices along the bilayer normal (z). Gray dotted lines indicate centers
of phosphate particle peaks (Figure S1 in the Supporting Information). The error bars indicate differences between PMFs calculated for first
and second halves of simulation.)

FIGURE 4: Representative simulation snapshots of the WALP23
peptide restrained at different points along z during umbrella
sampling simulations. The peptide backbone is shown in blue, with
flanking Trp residues of the WALP helix shown in red space-filling
format, and the glycerol backbone particles of the bilayer shown
in green space-filling format.
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interaction of amino acid side chains, and hence of TM
helices, with a lipid bilayer. Examination of the energetics
of transfer from an aqueous solvent to a hydrophobic solvent
or the hydrophobic bilayer core suggests that the CG model
stands up to quantitative scrutiny, and that the overall
accuracy of this approach (i.e., averaging over all amino acid
side chain types) is comparable with that of widely used

atomistic forcefields such as OPLS and GROMOS. Along
with this study, Monticelli et al. (33) have recently used a
similar approach to the calibration of CG amino acid
parameters. Thus, it would seem that the CG methodology
is of sufficient accuracy to be employed in e.g. studies aimed
at prediction of TM protein structure. The properties of
various model peptides such as WALP within a bilayer
environment using the CG approach show good qualitative
agreement with experimental measurements and atomistic
simulations, for both our model (25) and MARTINI (33).
Here, we have provided further support for the CG approach
by successfully calculating the complete membrane PMF for
WALP as a canonical test system.

Nevertheless, further development of the CG-MD approach
necessitates maintaining a critical approach to its evaluation.
In this context, it is clear that there are some clear physical
deficiencies in the current approach. This is perhaps most
evident in the case of the Arg side chain of the LeuN.Arg
test helix, the PMF for which reveals that the barrier height
experienced in the center of the lipid bilayer is ∼50% of
that estimated from atomistic simulations (34), and that only
limited water defects accompanied entry of charged side
chains within the membrane. In this context, a recent
implementation of an earlier version of the CG model (in
which a less polar combination of particle types (C + Qd)
was used for the Arg side chain (25)) resulted in an estimate
of only ∼8 kT for the barrier height, compared to a value of
∼27 kT from atomistic simulations (51). This estimate of
the CG barrier is lower than our CG current barrier estimate
of ∼15 kT, which is based on (Nd + Qd) for Arg. Thus, as
Vorobyov et al. (51) suggest, careful parametrization of CG
models is indeed required if meaningful quantitative com-
parisons with AT models are to be made.

Similarly, the free energy barrier was also found to be
too low for CG charged amino acids by Monticelli et al.
(33) within the core of a DOPC bilayer. This result is
unsurprising, given the neglect of long-range electrostatics,
and the use of a simplified water model containing no dipole.
Use of the original Marrink CG forcefield has been shown
to successfully model dendrimer pore formation in lipid
bilayers (55) with the inclusion of long-range electrostatics.
On the other hand, our own measurements suggest that use
of a longer electrostatics cutoff range, or of Ewald summa-
tion, leads to only limited improvements in the bilayer PMF
for charged particles (data not shown). Some improvement
in modeling the interaction strength between polar/charged
residues within the low dielectric membrane core has been
demonstrated via a combination of decreased screening and
increased Lennard-Jones repulsion with nonpolar particles
(18, 33). The fundamental problem of implicit screening
remains, however. Without substantially altering the treat-
ment of the CG water model, significant underestimation of
desolvation energy will likely remain. Use of a more
sophisticated CG water model (e.g., the soft sticky dipole
model used in some recent CG studies (56)) may help in
better approximating these phenomena.

Another limitation of the approach is the lack of resolution
in the amino acid particles. For example, while the treatment
of ring-based side chains here enables a reasonable reproduction
of their partitioning behavior, and for Trp and Tyr, membrane
position-specific reorientation predicted for their “anchoring”
role in membrane proteins, significant deficiencies remain. Use

FIGURE 5: A: Potential of mean force (i.e., ∆G profile) for transfer
of a WALP23 R-helix across the normal (z) of a DPPC bilayer
and into bulk solvent. (Error bars: difference between PMFs
calculated for first and second halves of simulation.) B: Average
angle ((standard deviation) between bilayer normal and vector
formed by a line of best-fit for the backbone particles of the
R-helical region of WALP23, calculated as a function of z. C: Local
deformation of the bilayer indicated by the average distance
((standard deviation) between upper and lower phosphate (P)
particles (dPP) within 0.5 nm of the WALP23 peptide center of mass,
calculated as a function of z.
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of a larger number of special, small particles to represent
aromatic rings in MARTINI (18, 33) allows an improved
description of the geometric detail of such ring structures.
However, a more complicated description of the bonded
interactions to preserve rigidity and prevent out-of-plane distor-
tions results in a smaller integration time step. Our own
preliminary testing of such treatment of rings (as in e.g. ref 17)
suggests that while some improvement in side chain detail
is achieved by using three side chain particles, only limited
improvement is observed in the structural detail of protein-
protein interactions, or in the expected effects of e.g. low
densities of model CG sterol molecules on lipid tail ordering.
It will also prove difficult to incorporate such complex
phenomena as ring stacking or cation-π interactions within
a CG model. More generally, the lack of atomistic detail
leads to limitations in the treatment of protein-protein and
protein-lipid interactions. Nevertheless, a surprising sensi-
tivity is evident within the CG model. Preliminary studies
suggest that the approximation of side chains by just one or
two particles can still provide considerable subtlety in
spontaneous side chain dependent conformational changes
at protein-protein interfaces, with the successful prediction
of the structures of oligomeric R-helical bundles (25-27),
and of the effects of point mutations upon them (26).
Similarly, smallchanges in thesequenceofTMpeptides(29,33)
have been shown to exhibit consistent, reproducible mem-
brane partitioning behavior with the CG representation, in
agreement with biophysical measurements demonstrating the
“biological hydrophobicity scale” (47).

Finally, in our CG protein model, secondary structure was
maintained by restraining the distance between backbone
particles to mimic backbone hydrogen bonds in the equivalent
atomistic structure. Thus, the secondary structure is effectively
fixed. In contrast to distance restraints, MARTINI imposes
proper dihedral potentials to quartets of CG backbone particles
with the same secondary structure, with defined equilibrium
dihedral angles for R- or �-secondary structure. Although
technically different, this results in the same effect; that is, a
fixed protein structure. Indeed, as pointed out by Monticelli et
al. (33), conformational changes of protein secondary structure
are not adequately modeled with either approach, and transitions
between different kinds of secondary structure are impossible.
On the other hand, realistic movement of secondary structure
elements with respect to each other is possible, as revealed by
recent application of our CG model to the effects of mutations
on formation of simple model TM dimers (26), and the
tetramerization of viral channel structures (27), and of MAR-
TINI to e.g. gating motions of voltage-gated channels (28).

In conclusion, a CG model which treats the peptide
backbone as a single particle is unlikely to achieve sufficient
resolution to enable an “unrestrained” (be it by harmonic
restraints or dihedral potentials) approach to protein structural
changes. Similarly, the conformational protein landscape
results from a balance of fine-tuned interactions between
protein, lipid, and solvent.; parameter tuning of CG particles
will only allow limited improvements in the description of
conformational change or (un)folding. However, it is clear
that the CG approach will prove of suitable accuracy to
generate e.g. initial models of insertion of single R-helices,
R-helix hairpins (17), or helix dimers (26) which may be
refined by subsequent extended atomistic simulation (57).
Looking beyond such predictions, the CG approach is able

to capture larger-scale processes, such as protein/lipid self-
assembly, protein oligomerization/aggregation, and even
substantial relative motions of secondary structural regions
in multidomain membrane proteins. The likely accuracy of
the model explains the excellent agreement between CG and
AT simulations of the KvAP voltage sensor domain (29, 58),
and the agreement of CG simulation with recent experimental
data on S4/lipid interactions (59) despite some reservations
expressed on the basis of a preliminary comparison of
atomistic and CG simulations (34). Elastic network models
have already been combined with our CG parameters to
simulate limited conformational changes (17, 29); a refined
multibasin network approach might yield further insight.
More detailed studies will likely benefit from a multigrained
approach, for example, by simulating the protein in atomistic
detail while treating the solvent and/or lipid at a coarse-
grained level (15). Equally, a promising direction involves
alternating between atomistic and CG representations of an
entire simulation system (27), either sequentially, or in an
analogous way to the replica exchange method, enabling the
simultaneous study of related phenomena spanning different
time- and length-scales.
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