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The anchor of most integral membrane proteins consists of one or several helices spanning the
lipid bilayer. The WALP peptide, GWW(LA)n(L)WWA, is a common model helix to study the
fundamentals of protein insertion and folding, as well as helix-helix association in the membrane. Its
structural properties have been illuminated in a large number of experimental and simulation studies.
In this combined coarse-grained and atomistic simulation study, we probe the thermodynamics of
a single WALP peptide, focusing on both the insertion across the water-membrane interface, as
well as folding in both water and a membrane. The potential of mean force characterizing the
peptide’s insertion into the membrane shows qualitatively similar behavior across peptides and three
force fields. However, the Martini force field exhibits a pronounced secondary minimum for an
adsorbed interfacial state, which may even become the global minimum—in contrast to both atomistic
simulations and the alternative PLUM force field. Even though the two coarse-grained models
reproduce the free energy of insertion of individual amino acids side chains, they both underestimate
its corresponding value for the full peptide (as compared with atomistic simulations), hinting at
cooperative physics beyond the residue level. Folding of WALP in the two environments indicates
the helix as the most stable structure, though with different relative stabilities and chain-length
dependence. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935487]

I. INTRODUCTION

Transmembrane proteins constitute one of the most
important biological building blocks, enabling communication
of material and information between a cell and its environment,
or between different intracellular compartments.1–4 Despite
impressive progress in determining membrane protein
structures,5 aided by technological advances in fields such
as electron tomography6 and femtosecond crystallography,7
the number of known structures still lags far behind the case
of soluble proteins. Unfortunately, in the absence of structures,
the options for numerical modeling are limited. This is
true not only because protein structure prediction remains
a formidable computational challenge, both for equilibration
and force-field reasons.8–11 We also face the additional
predicament that a lipid bilayer and its surroundings constitute
a very highly anisotropic environment, where everything from
dielectric constants to lateral stresses varies dramatically on
an Ångstrom scale, pushing both continuum theory and local
thermodynamics to their limits. It should hence not come as a
surprise that even ostensibly basic questions about structure,
location, and interaction of small peptides in bilayers remain
difficult to answer.12
a)Electronic mail: bereau@mpip-mainz.mpg.de
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The overwhelming majority of integral membrane proteins is anchored into the lipid bilayer by one or several transmembrane α-helices, followed to a much smaller fraction by
proteins where a β-barrel motif takes over that role.13,14 This is
rationalized by the hydrophobic environment of the lipid tails,
which favors protein conformations that minimize the number
of broken backbone hydrogen bonds.15,16
In an effort to better understand membrane proteins at
a biophysical level, a large body of work has focused on
studying individual model helices. One common example is
the sequence of WALP peptides, composed of alternating
alanine and leucine residues and flanked by two tryptophans at
each terminus. It was designed to resemble a transmembrane
helix in membrane proteins, while permitting an easy way to
change its length.17,18 The arrangement of residues is such
that WALP16 corresponds to the sequence GWW(LA)5WWA,
while longer WALP peptides include more LA repeat units
(and occasionally an additional alanine between the final
leucine and the C-terminal tryptophans).
Various experimental and simulation studies have shed
light on the stability of WALP as a transmembrane
helix. Experimentally, a combination of NMR methods,
hydrogen/deuterium exchange, and mass spectrometry applied
to WALP of different chain lengths, as well as lipids of
different size, have provided important insight into the role of

143, 243127-1

© 2015 AIP Publishing LLC

243127-2

Bereau et al.

hydrophobic mismatch—the difference between the length of
a peptide’s hydrophobic stretch and that of the bilayer’s
hydrophobic core.17,18 For instance, a positive mismatch
leads to an average tilt angle between the peptide and the
membrane normal, a quantity that can be determined from both
experiments (e.g., quadrupolar splittings from 2H solid-state
NMR19) and computer simulations.20–22 Notably, Monticelli
et al. resolved an apparent discrepancy between the average tilt
angle extracted from experiment versus the same observable
calculated in molecular dynamics simulations. Using a coarsegrained (CG) model, and hence being able to access much
longer time scales, they showed that both experiment and
simulation agree, thus highlighting the importance of sampling
the tilt angle over the microsecond time scales relevant for
NMR experiments.23 Atomistic simulations later confirmed
these findings using enhanced-sampling methodologies.24
These studies illuminate the thermodynamics of transmembrane helices—not only the stability in the membrane
but also the insertion from water. Using an atomistic representation for peptides, but an implicit water/membrane model,
Im and Brooks showed that WALP{16,19,23}, starting as an
initial random coil, would spontaneously insert and fold into a
bilayer.20 Further, Nymeyer et al.25 and Ulmschneider et al.26
demonstrated insertion and folding of WALP16 in an explicit
DPPC membrane using enhanced-sampling methodologies
and high-temperature simulations, respectively, to alleviate
the considerable sampling issues. Some of us reported similar
findings using PLUM, a recently developed CG model,27 with
and without enhanced sampling.28
In this last study, we demonstrated the model’s ability to
fold various peptides in a lipid bilayer, as the means to test
whether the force field can describe simple aspects of peptidestructure formation, both in water and in a membrane environment. We also observed spontaneous insertion of WALP from
water to the membrane.27 Going beyond mere observations,
we seek a thorough characterization of the thermodynamics
of folding and insertion. The present study relies on state-ofthe-art enhanced-sampling and free-energy calculation techniques to probe the associated thermodynamics and compare
the model’s behavior with others. The potential of mean force
(PMF) for the insertion of WALP across a water/membrane
interface provides insight into the thermodynamics of insertion: both in terms of the free-energy difference between the
two environments and the possible existence of intermediate
barriers. Structurally, WALP is known to form a helix in the
membrane, but its conformation in water is largely unknown,
because its many hydrophobic residues render it prone to
aggregation at experimentally relevant concentrations. Insertion simulations, on the other hand, typically work with a
single peptide (due to sampling limitations). However, their
ability to predict WALP structures in solution is not merely
a matter of the required computational resources, but also of
the model’s ability to describe secondary structure changes in
the first place. For instance, Bond et al. used CG simulations
to study the thermodynamics of insertion of WALP into a
DPPC bilayer. Their model, a variant of the CG Martini force
field,29 required them to constrain the peptide into a helix in all
environments,30 which begs the question whether a potential
folding/unfolding equilibrium contributes to the free energy
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of insertion. One aim of our present study is to address this
question.
The following work investigates the link between WALP’s
structure and its environment. We rely on the CG PLUM
force field27 to efficiently sample the thermodynamics of insertion across the water-membrane interface, without explicit
bias on the secondary structure. To gauge the robustness of
the results, we carry out equivalent simulations using both
the CG Martini force field,29 bearing in mind its secondarystructure constraints, as well as atomistic simulations, despite
unavoidable challenges associated with sampling. While the
results agree in many qualitative features, we find a number
of interesting exceptions which we analyze in some detail. In
addition, the free-energy profile as a function of helicity in both
the membrane and water environments provides insight into
the preferred conformations.

II. SIMULATION MODELS
A. Coarse-grained simulations: PLUM force field

The following describes the CG PLUM force field. The
associated simulation protocol and parameters used in this
work are described in Appendix A.
The PLUM force field is constructed from the crossparametrization of implicit-solvent CG peptide31 and lipid32,33
models, which we summarize in the following.
The peptide model includes amino-acid specificity and
can stabilize different secondary structures using a single
parametrization, i.e., without explicit bias toward one particular conformation. Each amino acid is described using four
beads: one for the side chain and three for the backbone,
providing enough resolution to describe backbone dihedrals.
Phenomenological interactions allow the model to reproduce
basic properties of peptides and proteins, such as excluded
volume, hydrophobicity, and hydrogen bonds. The model was
tuned to qualitatively reproduce the Ramachandran plot of
tripeptides and fold a de novo three-helix bundle. Without
changing the force-field parameters, the model can also stabilize different helical peptides and assemble β-sheet-rich oligomers.31 The CG model has been applied to a variety of
scenarios involving helical peptides,34,35 aggregation of β-rich
peptides,36 and β-barrel formation at the interface between
virus capsid proteins.37
The lipid model maps a 1-palmitoyl-2-oleoyl-sn-glycero3-phosphocholine (POPC) lipid into 16 beads, using 8 bead
types to distinguish different chemical moieties.32 Interaction potentials were determined from an iterative Boltzmann
inversion38 of the radial distribution functions, obtained from
an all-atom POPC membrane simulation. Being an implicit
solvent model, the absence of water is compensated by a
phenomenological attractive interaction between tail beads.
Free lipids self-assemble into a bilayer, which then reproduces
elastic properties (e.g., the bending modulus), the mass density
profile, and the orientation of intramolecular bonds.32 Other
neutral lipids can be constructed from the set of bead types
and reach satisfying transferability in terms of structure, area
per lipid, and temperature dependence of the main phase
transition.33
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While keeping the individual force-field parameters fixed,
the cross-parameters between the peptide and lipid beads were
optimized to reproduce atomistic PMF curves of the insertion
of single amino-acid side chains into a DOPC bilayer.39 The
cross-parametrization was validated by investigating a number
of structural properties specific to membrane peptides, such as
tilt angle, hydrophobic mismatch, and transient pore formation
from the cooperative action of antimicrobial peptides.27 More
recently, the use of a Hamiltonian replica exchange algorithm
(more below) assisted in folding several peptides inside the
membrane: WALP{16,19,23}, as well as the 50-residue-long
major pVIII coat protein (fd coat) of the filamentous fd bacteriophage.28
B. Coarse-grained simulations: Martini force field

Though Martini is a commonly used force field for the
description of peptide-lipid interactions, we highlight some
of the key differences with PLUM for completeness. The
simulation details used throughout this work can be found in
Appendix B.
The coarse-grained Martini model maps on average four
non-hydrogen atoms into one CG bead, and it can describe
a wide variety of biomolecules, e.g., water, lipids, proteins,
carbohydrates, or small molecules.29,40–43 The key idea is to
represent characteristic chemical moieties with a limited set of
CG bead types, determined from the overall charge, hydrogenbond capability, and water/oil partitioning coefficient.29
Martini reproduces a number of lipid-membrane characteristics: self-assembly, area per lipid, elastic properties,
as well as a reasonable bilayer stress profile.29 A particularly attractive feature of the model is that its building-block
approach eases the construction of a large variety of mole-
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cules, in particular, many lipids44 and sterols.29 Due to the
mapping of 3–4 heavy atoms to 1 bead there can be some
ambiguity with regards to the optimal mapping of molecular
fragments. For POPC, the oleyl tail was originally modeled
with 5 beads (“POPC-5B”),29 while an updated model uses 4
beads (“POPC-4B”).45
Martini has been extended to proteins, focusing mainly
on peptide-bilayer interactions.40,41 The parametrization quite
accurately captures the free-energy of the insertion of single
amino acid side chains and reproduces a number of structural
properties of model transmembrane helices. Though Martini
tends to map a similar number of beads per amino acid
as PLUM, the emphasis is different: a single bead represents the backbone while several beads constitute each side
chain, providing a better description of the sterics. The singlebackbone bead description necessitates the use of secondarystructure restraints, present in the form of torsional parameters
specific to different folds (e.g., α-helix or β-sheet). As a
result, peptides modeled with Martini cannot (un)fold or refold
during the simulation.
C. Atomistic simulations

The simulation protocol of the atomistic simulations is
detailed in Appendix C.

III. RESULTS
A. Insertion thermodynamics

Fig. 1 compares the thermodynamics of insertion of a
single WALP{16,19,23} peptide into a POPC membrane using
different force fields. In each case, the PMF is displayed as a

FIG. 1. Potential of mean force curves as a function of the distance from the bilayer midplane, z: (a) WALP{16,19,23} from the PLUM force field; (b) WALP16
in POPC using the original force field (“W16-5B”), WALP16 in POPC using the updated force field45 with four beads for the oleoyl chain (“W16-4B”), WALP16
in DMPC (“W16-D”), and WALP23 in POPC-5B (“W23”) using the Martini model with standard water. Note that W16 using Martini’s polarizable water
yielded virtually identical results (data not shown); (c) WALP16 using the all-atom GROMOS force field. The PLUM energies are mapped from the reduced
unit E = 0.617 kcal/mol. (d)–(f): N-C terminus distance (measured from Cα to Cα ) for the respective models. The error of the mean is displayed. Note the larger
N-C distance for Martini in DMPC (e) close to the bilayer midplane.
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function of the distance z between the peptide’s center of mass
and that of the membrane, which we take as a proxy for its
midplane. We extended calculations up to z = 5 nm to ensure
that the peptide was entirely out of the membrane.
In previous studies, which investigated the insertion of
single amino acids,27,39 the bilayer nature was exploited by
simultaneously inserting amino acids into both leaflets. This
not only increased statistics but also minimized conceivable
artifacts due to bilayer asymmetry. In our case the size of a
peptide makes this strategy unfeasible, raising the question
how the PMF is affected by this asymmetric insertion, which
stresses the two leaflets differently. In Appendix E, we calculate the resulting elastic correction and show it to be negligible.
Fig. 1(a) shows the PMF of WALP16, WALP19, and
WALP23 using the PLUM force field. All curves indicate that
the peptide prefers the bilayer over the water environment—an
expected feature given the hydrophobicity of the amino acids,
and in line with the results of Bond et al.30 As we increase
the peptide’s length, and hence the number of hydrophobic
amino acids, the free energy of the fully inserted state becomes successively smaller. At the bilayer midplane (z = 0),
each residue contributes on average 1.5 kcal/mol to the free
energy of insertion. For each PMF, we identify three plateaus:
(i) close to the bilayer midplane (z ≈ 0) the protein samples transmembrane conformations; (ii) around the bilayer’s
interfacial region (z ≈ 2 nm) the peptide is still helical, but
oriented parallel to the surface of the membrane; and finally
(iii) the asymptotic region (z & 4 nm) where the peptide has
left the membrane and so its free energy no longer depends
on z. Representative conformations are shown in Fig. 2 for
WALP16, illustrating the transition from fully transmembrane
to interfacial to desorbed. Notice in particular the significant
membrane deformation occurring at z ≈ 3 nm (see Fig. 2(d)).
It occurs because the peptide’s free energy gain for staying in
contact with the membrane outweighs the cost of the concomitant elastic deformation—at least for some range of z-values.
Kopelevich recently showed that these deformations lead to
an underestimation of the free-energy barrier upon insertion,
though the overall free-energy difference should be accurate.46
Compared to the PLUM results, the PMFs computed with
the Martini model (Fig. 1(b)) have a noticeably different shape.
Specifically, all curves exhibit a secondary minimum corresponding to the interfacial state, irrespective of whether the
standard or the polarizable water model is used (for WALP16
in POPC using the original five-bead lipid model the two
curves overlap, but only one of them is shown). While this
interfacial state also exists for the PLUM model, as Fig. 2(c)
indicates, its impact on the PMF appears much stronger in the
Martini model. In fact, for WALP16 in a POPC membrane,
the interfacial state is even lower in free energy than the
completely inserted transmembrane state, and hence Martini
makes a qualitatively different prediction from PLUM about
thermal equilibrium. In agreement with these results, a spontaneous transition from transmembrane to interfacial states
was previously observed by Ramadurai et al.48 using unrestrained simulations of WALP16 in lipid membranes made
of five or six tailbead-long Martini lipids—analogous to the
current POPC parametrization. In fact, these authors only
saw transmembrane-WALP16 spontaneously transition into
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FIG. 2. Representative conformations of the WALP16 insertion in POPC
using the PLUM force field at different distances from the bilayer midplane,
z: (a) z = 0, (b) z = 1 nm, (c) z = 2 nm, (d) z = 3 nm, and (e) z = 4 nm. The
peptide is depicted in orange, where thick and thin ribbons correspond to the
helical and coil states, respectively; the lipids are color-coded according to
their bead type: purple for the hydrocarbon chains, light pastel colors for the
interfacial and head groups. Rendered with VMD.47

the interfacial state when they used lipids with long chains.
While they did not measure a PMF, the barrier from transmembrane to interfacial (Fig. 1(b); ≈2 kcal/mol) calculated
by us indeed suggests the possibility to observe such an event
spontaneously, given reasonably long simulations.
To test whether this behavior originates from the negative hydrophobic mismatch between WALP16 and POPC, we
conducted two control simulations: first, we kept WALP16 but
inserted it into a thinner DMPC bilayer; and second, we kept
the POPC bilayer but used the longer WALP23 peptide. The
resulting PMFs (Fig. 1(b)) show that in both cases the transmembrane state becomes the most favorable one, even though
the interfacial state continues to produce a very noticeable
metastable minimum. This mirrors the observation of Bond
et al., who studied WALP23 in DPPC using a customized
version of the Martini model.30
We measured the membrane thickness from the distribution of distances between the phosphate groups and the bilayer
midplane projected along the membrane normal. While PLUM
and GROMOS yield similar distributions that peak around
1.8 nm, Martini’s original POPC-5B model stabilizes a thicker
membrane with a peak around 2.1 nm (Fig. 3(b)). To compare
the impact on the alignment of the peptide, we probed the
distribution of distances between the tryptophan side chains
and the bilayer midplane, similarly projected along the membrane normal. Here again, PLUM and GROMOS yield distributions that peak around the same point, though the atomistic
distribution broadens at lower distances. Martini, on the other
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FIG. 3. Probability distributions of normal distances between the bilayer
midplane and (a) the tryptophan side chains of WALP16, p TRP(z), and (b) the
lipid phosphate groups, p PH(z), of a POPC membrane modeled by PLUM,
Martini, the updated Martini model with four beads for the oleoyl chain, and
GROMOS.

hand, samples a distribution shifted by ≈0.1 nm to higher
values. The differences in offsets between the tryptophan and
phosphate distributions indicate that Martini’s thicker membrane in the original force field will result in the tryptophan
side chains being buried deeper inside the membrane. Such
a deeper insertion will result in a larger energetic penalty, as
evidenced by the PMF curves of individual side chains27,39,40
(sampled using the OPLS force field,49 not GROMOS).
While the current investigation relied on the original
POPC Martini model made of five beads for the oleoyl chain
(POPC-5B), Wassenaar et al. recently introduced a parametrization using only four beads (POPC-4B), thereby reducing
slightly the membrane thickness.45 The PMF corresponding to
the updated force field is shown in Fig. 1(b), “W16-4B.” The
reduced hydrophobic mismatch between the thinner Martini
POPC membrane and WALP16 lowers the free energy of the
transmembrane state, making it roughly equal to that of the
interfacial state. This change goes into the right direction,
but it does not eliminate the pronounced minimum of the
interfacial state, which is absent in the atomistic or PLUM
data. Interestingly, the new POPC-4B model does improve the
distribution of phosphate distances from the bilayer midplane,
while keeping the tryptophans roughly at the same distance
(Fig. 3), such that discrepancies related with hydrophobic
thickness seem virtually resolved with the updated model.
This suggests that hydrophobic mismatch alone is not the sole
reason for the stable surface state.
To explore whether the strong hydrophobic mismatch of
WALP16 in the 5-bead Martini POPC membrane also affects
the peptide, we monitored the N- to C-terminal alpha carbon
distance as a function of z for all force fields (Figs. 1(d)–1(f))
indicates a noticeable stretch for the Martini peptide in the
region 0 < z < 0.7 nm, which coincides with the depth at
which the peptide mostly samples a transmembrane helix (data
not shown). WALP16 in POPC shows a gradual decrease
of the N-C distance from 2.5 to 2.2 nm between z = 0 and
z ≈ 2 nm, while WALP16 in DMPC displays a sudden drop
at z ≈ 0.7 nm, corresponding to the location of the free-energy
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barrier in Fig. 1(b). Though Martini stabilizes a slightly longer
helix around z = 0, compared to the other force fields, the
apparent stretching indicates a strong driving force to better
accommodate a short peptide in the bilayer. On the other
hand, PLUM and the atomistic simulations (described in more
details below) do not show any particular features close to the
bilayer midplane. Unfortunately, the atomistic N-C-distance
data show a lot of scatter, which is clearly a sampling issue.
For WALP16 in DMPC and WALP23 in POPC, the
Martini model predicts a pronounced free energy barrier
(≈4 kcal/mol) for the transition from the interfacial to
the transmembrane state. This is large enough to become
a problem in unrestrained simulations that aim to study
insertion: a peptide which enters the membrane from the
aqueous phase could get trapped in the interfacial state without
transitioning into the transmembrane state, even though the
latter has a free energy that is lower by about 7 kcal/mol.
Hall et al. have indeed encountered this difficulty during a
study that aimed to quantify the insertion thermodynamics
of various WALP peptides in different membranes (using an
adapted version of Martini).50 They resorted to co-assembling
the lipid bilayer in the presence of a WALP peptide and
doing statistics of the final state thus obtained (inserted
or interfacially bound). This protocol suggests that simply
beginning with an interfacially bound peptide was not an
option, for it would rarely if ever proceed to fully insert—a
suspicion which the authors explicitly confirm.
Despite the rather vivid differences in the shape of the
PMF, PLUM, and Martini largely agree on the free energy
of insertion into the transmembrane state (meaning, z = 0),
provided the hydrophobic mismatch is relaxed. This is not
completely unexpected, for both models reproduce the PMFs
of insertion of single amino-acid side-chains into a PC
bilayer.27,41 The finding is nevertheless nontrivial, because
the absolute values do not agree with the atomistic ones, as
we will discuss below.
Fig. 1(c) shows the PMF of WALP16 in POPC, using
the atomistic GROMOS force field. F(z) is largely downhill.
It exhibits a small shoulder at z = 1 nm, but no significant
barrier. The location of this shoulder is close to the point at
which the Martini model finally transitions from interfacial
to transmembrane, suggesting that this might indeed be the
physical origin of this feature, but the substantial increase
in F(z) by about 10 kcal/mol between 1.7 nm and 0.7 nm
(observed with Martini) is absent. Hence, the downhill process
observed with the PLUM model appears closer to the atomistic
data.
Finally, we wish to point out a curious discrepancy between both CG models and the atomistic reference: in both
CG cases, the free energy of WALP16 in its equilibrium state
(about −20 kcal/mol) is only 2/3 of the value predicted in the
atomistic simulation (about −35 kcal/mol). This is surprising,
because both models capture the free energy of insertion of
individual amino acids, as predicted atomistically from the
OPLS-AA force field.49 Though the present study relies on
GROMOS rather than OPLS, both force fields provide accurate descriptions of the transfer free energies of amino acids
from water to cyclohexane—less than 1 kcal/mol error,51,52
as such we do not expect major discrepancies between them,
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though an explicit comparison across a membrane interface
is still lacking. Converging PMFs from atomistic simulations
is an extremely challenging endeavor—accurate free-energy
profiles requiring long simulation times.53 Yet the limited variability of the free energies we observe during the course of
our simulations makes it unlikely that sampling issues alone
can explain a discrepancy by 15 kcal/mol—the study of Neale
et al. pointed at convergence issues leading to errors in the
range of 2-3 kcal/mol, a significantly smaller figure.53 Our own
atomistic PMF varied by no more when considering different
time intervals of the simulation, from as little as 20 ns per
replica (data not shown). Hence, it seems that the difference
is real and has interesting consequences for modeling.
More specifically, it should be clear that the free energy
of insertion of an α-helix consisting of N hydrophobic amino
acids is not simply the sum of the free energy of insertion of
each individual amino acid, because there are correlation and
cooperativity effects. This is clearly illustrated by considering
the thermodynamic cycle shown in Fig. 4. The states on the
left represent the collection of non-interacting side chains in
water and the membrane (according to the geometry of the
transmembrane helix), while the states on the right describe the
assembled helix in both environments. The right branch corresponds to the free energy of insertion of interest—computed
from umbrella sampling in Fig. 1. The left branch corresponds
to the insertion of non-interacting amino-acid side chains. It
can easily be estimated from the individual PMFs of side
chain insertion,39 tracking the average position of a given
residue located on the peptide at a normal distance z away
side chains
from the bilayer midplane. We calculated a value ∆Finsertion
≈
−45 kcal/mol, starting from the reference PMFs obtained
using OPLS-AA.39 The top branch corresponds to the free
energy difference between the assembled helix and the collection of non-interacting side chains. Interestingly, the implicitsolvent nature of the PLUM model allows us to roughly
estimate this contribution, simply from the average potential
energy of the side chains (neglecting the backbone contriassembly
bution): ∆Fwater ≈ −50 kcal/mol. Note that this neglects

FIG. 4. Thermodynamic cycle of the insertion of a helix into the membrane.
The different nodes represent: (1) the collection of non-interacting side chains
in water; (2) the assembled helix in water; (3) the collection of non-interacting
side chains in the membrane; and (4) the assembled helix in the membrane.
The branch on the right corresponds to the abovementioned insertion free
energy computed from umbrella sampling.
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conformational entropy. Unfortunately, the evaluation
of the bottom branch is not as straightforward. We can, howassembly
helix
ever, close the thermodynamic cycle: ∆Fmembrane = ∆Finsertion
assembly
side chains
+ ∆Fwater − ∆Finsertion ≈ −25 kcal/mol for WALP16 using
PLUM. So the free energy of assembly is more favorable
in water than in the membrane. Though this may be rationalized by the reduced entropy of a helix in a transmembrane conformation, several aspects make this analysis difficult, e.g., the transition from an implicit-water to an explicitmembrane environments, or lipid interactions and entropy.
While we believe that rigorous alchemical transformations
would provide robust and independent estimates of the top
and bottom branches, we defer this to future work. Most interestingly, it could provide a strategy to pinpoint the discrepancy with atomistic simulations. Overall, it seems likely that
correlation and cooperativity effects depend not just on the
physics captured on the coarse-grained level but on more local
effects, too. If so, CG models of peptides will not capture the
insertion free energy correctly, even if ostensibly parametrized
for precisely that, and the difference might even be model
dependent. Given the large amount of research undertaken
with these models, it would appear crucial to understand this
issue better.
B. Folding in the membrane

Since the PLUM force field was designed to model
changes in secondary structure, we can probe the freeenergy landscape of WALP as a function of helicity—
using appropriate techniques to ensure accurate sampling.
Hamiltonian replica exchange molecular dynamics (HREMD)
simulations inside the membrane combined with the weighted
histogram analysis method (weighted histogram analysis
method (WHAM); Appendix D) yields the free energy profiles
shown in Fig. 5. Unsurprisingly, the helical state corresponds
to the free-energy minimum.21 We note a slight increase in
the free energy when the helicity approaches 1, illustrative
of some fraying at the ends of the chain. The low-helicity
states, on the other hand, are highly suppressed, with freeenergy differences ranging from 15 to 30 kcal/mol. Low
but non-zero helicity (≈0.1) is never observed due to the
secondary-structure prediction algorithm, which relies on
the presence of several (≈4) consecutive amino acids with
appropriate hydrogen-bonds and dihedrals to assign them in a
helical state. We observe a plateau at low helicity (i.e., 0–0.3)
followed by a sharp, apparently downhill profile to the helical
state. Overall, we observe a strong chain-length dependence
on the free-energy profile. If we plot the three curves against
the number of broken backbone hydrogen bonds (data not
shown), the three curves agree more closely in the vicinity
of their minima, because the change in helicity per broken
hydrogen bond depends on the peptide’s length.
C. Folding in water

We then repeat the free energy study as a function of helicity from Sec. II, but now for WALP dissolved in pure water.
Fig. 6(a) shows the free-energy profile of the WALP{16,19,23}
peptides simulated using the CG PLUM force field. Just like
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FIG. 5. Free energy as a function of helicity for WALP{16,19,23} inserted
in the membrane using the CG PLUM force field. Solid lines are mere guides
to the eye. The grey area roughly indicates the amount of thermal energy
at body temperature. The conformations underneath illustrate an unstructured
and helical conformations of WALP16 in the membrane. The PLUM energies
are mapped from the reduced unit E = 0.617 kcal/mol.

in the membrane, we find a strong preference for helical
conformations, with free-energy differences between coil and
helix in the range ∆F ≈ 10–25 kcal/mol.
Interestingly, the chain length dependence of the freeenergy is qualitatively different from the membrane case:
while WALP16 again exhibits the lowest free energy at any
value of the helicity, the profiles for WALP19 and WALP23
are remarkably similar. The qualitative difference between
the two environments is noteworthy, since hydrogen bonds
are the most likely contributors to the free-energy difference. The hydrophobicity will also play a larger role in an
aqueous environment, as compared to the membrane. Yet the
interaction strength of hydrogen bonds in the model does
not depend on whether a bead is surrounded by water or
lipids.27 The only noticeable difference between the formation
of a hydrogen bond in water and in the membrane results
from the change between an implicit-water to an explicitmembrane environment, suggesting an entropic contribution
of the model itself. Interestingly, we also observed a noticeable
change in the stability of hydrogen bonds when transferring a
helix from the water to the membrane environment.27 Overall,
this behavior may point at a complex interplay between the
enthalpy (i.e., hydrogen-bonds) and entropy of helix formation
in water,34 while hydrophobic residues immersed in a hydrophobic environment provide more straightforward behavior.
The free-energy profiles shown in Figs. 5 and 6(a) are
consistent with the insertion process observed in Sec. III A:
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FIG. 6. Free energy as a function of helicity for WALP in water using (a)
CG PLUM simulations on WALP{16,19,23} and (b) atomistic simulations
on WALP16. Solid lines in (a) are mere guides to the eye. The three curves in
(b) show the profile at different simulation times per replica, i.e., t = 125,
150, and 180 ns. Note the different scales between (a) and (b). The grey
area roughly indicates the amount of thermal energy at body temperature.
The CG conformations underneath illustrate random coil and helical states
of WALP16 in water. The PLUM energies are mapped from the reduced unit
E = 0.617 kcal/mol.

the system sampled a majority of helical conformations both in
the fully transmembrane state and in the aqueous region where
the peptide has left the membrane (Figs. 2(a) and 2(e)).
We aimed at comparing these findings against reference
atomistic simulations. Using metadynamics,54 we computed
the equivalent free-energy profile for WALP16 in water
(Fig. 6(b)). The profile shows a minimum at 80% helicity,
which roughly corresponds to 10 over the 12 possible
hydrogen bonds in the peptide, (indicative of light fraying
of the helix). We observe a fairly complex profile with
multiple minima, all located above the helical state. The
helix is therefore the most favorable conformation according
to these simulations. Compared to the CG results, we find a
much narrower profile around the minimum. This discrepancy
may partially be attributed to the difference in defining
hydrogen bonds between the CG and atomistic simulations
(see Appendices A and C). This also impacts the free energy
at low helicity: while ’s definition of a hydrogen bond
does not allow us to observe any low-helicity conformation
(value around 0.1) in the CG profile, the observable in the
metadynamics is continuous along the entire range.
Aside from difficulties to compare the two curves, we
point at a possible lack of sampling: the complexity of the
system makes this free-energy profile difficult to accurately
estimate using an atomistic model. The three curves shown
in Fig. 6(b), representing the profile after simulation times
t = 125, 150, and 180 ns per replica, are illustrative of the
convergence of the profile. We thus withhold from further
interpreting this curve and only conclude that the helix may
indeed be a relevant conformation for WALP16 in solution.
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IV. CONCLUSIONS

We performed state-of-the-art thermodynamic calculations on WALP peptides interacting with a model phospholipid
membrane using both CG and atomistic force fields. The PMF
as a function of penetration depth z indicates increasing stability as WALP inserts into the membrane. PLUM and GROMOS yield qualitatively similar features: an almost-downhill
process from water to the fully inserted transmembrane state.
Martini, on the other hand, predicts a distinct minimum for the
interfacially bound state, which goes along with a pronounced
free-energy barrier for the transition from the interfacial to the
transmembrane state for all cases we studied. For WALP16
in 5-bead POPC, this interfacial minimum even becomes the
global one, in contrast to both PLUM and GROMOS simulations. Similar behavior was reported in a previous Martini
study of WALP16 as a function of different lipid-tail sizes,
where the transmembrane WALP helix spontaneously flipped
to the interfacial state in the presence of the longer lipids.48
Though the role of negative hydrophobic mismatch seems to
be predominant here, linking this behavior to particular aspects
of the force field remains difficult.
Strikingly, PLUM and Martini report very similar freeenergies of insertion at the bilayer midplane for WALP23 in
POPC. The agreement likely results from the two models’
ability to reproduce the insertion of single amino acids in
the bilayer, despite drastically different parametrization strategies.27,41 On the other hand, the atomistic GROMOS simulations suggest increased stability of the transmembrane helix
in the membrane: the atomistic WALP16 curve corresponds
roughly to the insertion of WALP23 in the CG simulations,
yielding a discrepancy of ≈15 kcal/mol. While sampling issues
at the atomistic level ought to be kept in mind, the discrepancy
seems too pronounced to be solely explained by insufficient
sampling, as we have argued above. The fact that the two
CG models underestimate the free energy of insertion by the
same amount hints at missing correlation and cooperativity
effects beyond the parametrization of individual amino acids.
This poses questions concerning the coarse-graining strategies
for peptides on which both PLUM and Martini rely, most
importantly: under what conditions do matched thermodynamics on the amino acid level transfer up to the level of a
full peptide? And if it does not, what are the dominant sources
of discrepancy and can we correct for them? To help answer
these questions, a larger body of reference long-time atomistic
simulations are critical.
Though Martini enforces secondary structure, making it
unable to study the impact of the environment on folding,
PLUM’s parametrization did allow us to probe this behavior
in both water and the membrane. Folding in the membrane
is strongly driven toward the helical state. We find roughly
linear chain-length dependence on the free-energy profile, with
longer peptides increasingly penalizing unstructured random
coils.
Folding in water yielded similar behavior as in the
membrane, though the chain-length dependence seems
rather different, likely owing to the complex interplay
between secondary structure—hydrogen bonds—and tertiary
structure—hydrophobicity.34 The results were compared with
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atomistic metadynamics simulations, which also indicate the
helix as the most favorable conformation. Differences in the
hydrogen-bond definition, as well as sampling difficulties of
the atomistic model, make it hard to draw further conclusions.
Nevertheless, both models suggest the helix as a reasonable
conformation for WALP in water.
Overall, these findings suggest that enforcing the structure
of a helix throughout the insertion process may reasonably
describe the relevant conformational ensemble of states. In
this sense, Martini’s lack of peptide structural rearrangement
does not strongly impinge on the results for WALP. A
better understanding of the contribution of (un)folding
during the insertion process will require the study of a
different peptide that shows significantly different folds in
water and the membrane. A systematic comparison of such
biomolecular processes using very different computational
models (e.g., atomistic vs. coarse-grained or flexible vs. rigid
secondary structure) provides a better understanding of
the impact of their underlying assumption to large-scale
thermodynamic properties.
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APPENDIX A: PLUM SIMULATION DETAILS

PLUM’s CG units were constructed from a length L
= 1 Å, an energy E = k BTbody ≈ 0.617 kcal/mol
at Tbody
√
= 310 K, and a mass M. The time unit τ = L M/E ∼ 0.1 ps
does not properly reflect the dynamics of the system, due to
the reduction of molecular friction during coarse-graining.28
We ran all simulations with the ESPRS v3.4 molecular dynamics package.55 A Langevin thermostat and modified Andersen barostat56 produced an ensemble with constant temperature (T = 1.0 E/kB), lateral tension (Σ = 0),
and vertical box height. Faster integration of the equations
of motion was achieved using a multi-timestepping algorithm, setting the short and long time steps to δt = 0.01 τ and
∆t = 0.04 τ, respectively.57 A 288-POPC lipid membrane was
used for all simulations. Each peptide was modeled without
explicit termini. The helicity was determined from the 
secondary-structure-prediction algorithm.58 More simulation
and system-setup details are described elsewhere.27,28
HREMD59 provided enhanced sampling of a peptide in
both water and the membrane. In particular, we tuned the
strength of the peptide’s hydrogen-bond interaction, i.e., the
prefactor ϵ of a modified Lennard-Jones potential with added
directionality (see Appendix D).28 The strength of the interaction was modulated by a prefactor λ, where λ ≥ 0. We
ran HREMD simulations at prefactor values from λ = 0.1 to
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λ = 1.0, spanning an appropriate range of conformational
space from fully helical to the complete absence of any helical
motif. We used 10 and 20 replicas for WALP{16,19} and
WALP23, respectively. Each replica was run for at least 106 τ.
To probe insertion thermodynamics, the distance from
the bilayer midplane to the peptide was measured from the
z-coordinate (i.e., along the bilayer normal) of the center of
mass of the lipid bilayer to the z-coordinate of the center
of mass of the peptide. Umbrella sampling60 restrained the
sampled conformational space by restraining the normal distance between the z-coordinates of the membrane and the
peptide. A harmonic restraint of spring constant k = 2 E/Å2
was applied at 1 Å intervals, ensuring enough overlap between
the different windows. In addition, difficulties associated with
sampling PMFs of a solute in a lipid membrane53 were addressed here by coupling the umbrella sampling with HREMD.
Each umbrella restraint was simulated at 4 interaction prefactors λ ∈ {0.55, 0.70, 0.85, 1.00} to help sample the conformational flexibility of the peptide. Each replica was run for 105 τ,
providing an aggregate time of 2 × 107 τ for each peptide.
All enhanced-sampling methodologies were unbiased using the weighted histogram analysis method (see also
Appendix D).61–63 All error bars were calculated from bootstrapping.64
APPENDIX B: MARTINI SIMULATION DETAILS

GROMACS v4.665 was used for the Martini simulations.
Martini 2.129 and 2.2P40,66 models were used for the standard
and polarizable water, respectively. A 10-fs time step was
used, updating the neighbor list every 10 steps. LennardJones interactions were shifted to zero between 0.9 and
1.2 nm. Electrostatic interactions were truncated after 1.2 nm
with a shifted potential from 0 to 1.2 nm and a dielectric of
15 (2.5 for polarizable water). Although not recommended to
be used in all-atom simulations, truncation can be used since
this is part of Martini’s parametrization.67 The temperature of
310 K was maintained using the V-rescale thermostat68 with
a 1-ps time constant. Weak semi-isotropic pressure coupling
was used with the Berendsen barostat (1-ps time constant
and 3 × 10−4 bar−1 compressibility).69 Small bilayer patches
were simulated with 100 POPC lipids per leaflet (121 for
the DMPC bilayer). We did not make use of specific termini
groups.
We calculated the free energy for transferring a single
WALP from water to the center of a POPC bilayer (and DMPC
for Martini 2.2P). A cylindrical position restraint was applied
from the Cα of the center residue of WALP and the center of
mass of lipids inside a 1.2-nm-radius cylinder centered around
the peptide, applied along the direction normal to the plane
of the bilayer. To prevent jumps at the cylinder’s interface,
between 1.2 and 1.7 nm the weights are switched to zero. A
force constant of 500 kJ/mol nm−2 for the harmonic restraint
was used and a 0.1-nm spacing between adjacent umbrella
sampling simulations, from water (5 nm) to the bilayer center
(0 nm). Each simulation was run for at least 500 ns. Free energy profiles were generated using the WHAM62 implemented
in _.70 Error bars were estimated using the bootstrap
method64 with 100 bootstraps.
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APPENDIX C: ATOMISTIC SIMULATION DETAILS

The final WALP16 structure from the Martini umbrella
sampling simulations was converted back to atomistic representation using the BACKWARDS71 method. The GROMOS
54a7 force field72 was used on WALP, GROMOS on the POPC
lipids,73 and SPC74 for water. We used a 2-fs time step with
bonds to hydrogens constrained with the LINCS method.75
The particle mesh Ewald summation method was used for
long-range electrostatic interactions.67,76 Lennard-Jones interactions were shifted from 0.9 to 1.0 nm and truncated thereafter. The V-rescale method68 was used for temperature coupling with a reference temperature of 310 K and a 0.1 ps time
constant. Pressure was maintained semi-isotropically at 1 bar
using the Berendsen barostat,69 a 2.5-ps time constant and
4.5 × 10−5 bar−1 compressibility. For the umbrella sampling,
we increased the harmonic force constant to 3000 kJ/mol nm−2
and ran each simulation for at least 200 ns.
To compute the free energy of folding in water for
WALP16, a combination of the metadynamics method and
the parallel tempering scheme was used.54,77 Ten replicas
were simulated spanning a temperature range of 290–400 K.
An exchange success probability of 9% was achieved by
applying the well-tempered ensemble (WTE) approach,
which evenly increases the spread of the potential energy
distribution across replicas, while preserving the same
ensemble averages.78,79 The PTMetaD-WTE calculations were
performed and analyzed with the PLUMED2 plugin.80
The PTMetaD-WTE simulations were performed for a
total period of 180 ns/replica. The relative free-energy differences between all of the stable minima were monitored starting
after 100 ns/replica and were unchanged after this point, so the
simulation was terminated after an additional 80 ns/replica.
The collective variables, s, biased in the simulations were a
pairwise coordination number comprising all of the alphahelical hydrogen bonds (i,i + 4 pairs) and the peptide’s radius
of gyration (alpha carbons only; for a discussion on selecting the collective variables and a comparison of the different
metadynamics techniques, see Ref. 81). The hydrogen-bond
collective variable is formulated in PLUMED as a summation
of switching functions of the form

s=

12 1 −

i=1

1−

( r i, i+4 ) n
r

0
( r i, i+4
)m ,

(C1)

r0

with r 0 = 0.25 nm, n = 6, and m = 9 (note there are 12 possible
α-helical contacts in WALP16). These numbers were scaled
by 12 to provide an approximate “fraction of helicity” in the
results. The metadynamics parameters were 0.2 and 0.01 nm
for the Gaussian widths of the helicity and radius of gyration. Gaussians were deposited with a frequency of one per
2 ps, and the convergence of the free-energy estimate was
controlled by using well-tempered metadynamics82 and a bias
factor of 10. As in previous work, an initial simulation period
(10 ns/replica) was used to equilibrate the replicas to a variety
of unfolded structures and build up the WTE energy bias to
achieve overlap between the 10 replicas. This simulation used
a bias factor of 40 and a Gaussian width of 450 kJ/mol. The
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results presented show a 1D projection of the 2D metadynamics free-energy surface.

APPENDIX D: ESTIMATING FREE ENERGIES
FROM HREMD USING WHAM

The WHAM provides a minimum variance estimator of
the density of states by combining several simulations of the
same system.61,62 The method is most useful when applied to
a set of simulations that explore different parts of phase space,
each contributing to the estimation of thermodynamic properties of the system. The sampling of phase space is enhanced
by an appropriate choice of Hamiltonians or control parameters (e.g., temperature), which together help provide a representative sampling of phase space for the process of interest.
Though originally applied to simulations at different temperatures,61 in the following we vary the Hamiltonian of the original system, H = H0 + V , where V corresponds to a specific
part of the Hamiltonian, e.g., an interaction potential.
In this work, we vary the strength of the protein hydrogenbond interaction potential—a 12-10 Lennard-Jones potential
combined with an angular component that narrowly confines
the geometry of the hydrogen bond.28,31 Each simulation k
corresponds to the Hamiltonian Hk = H0 + λV , where λ > 0.
λ = 1 thus corresponds to the original Hamiltonian, H , while
λ , 1 alters the propensity to form hydrogen bonds.
Assuming that all simulations were run at the same inverse
temperature β = (kBT)−1, the calculation of the free energy as
a function of parameter Q is provided by


δ(Q − Qi, s )
,


βF(Q) ∝ − ln 

 i, s j N j exp β(λ i − λ j )Vs − f j 

(D1)

where δ(∗) bins parameter Q in a discrete set, N j is the number
of samples of simulation j, f j is the scaled free energy of
simulation j, i and j sum over simulations, and s sums over
samples.83 Determination of the set of f j can be obtained by
different means.62,63,84,85

APPENDIX E: ELASTIC ENERGY OF AREA-LEAFLET
ASYMMETRY UPON INSERTION

Consider a bilayer patch that has an area A0 at zero tension. If we insert an object into the upper leaflet that occupies
an area a, the resulting compressive stresses will drive an
expansion of that leaflet, which in turn puts the lower leaflet
under tension. In equilibrium, the bilayer expands to an area
A > A0, in which a net zero tension arises as a balance of
compressive and tensile stresses in the upper and lower leaflet,
respectively. The resulting elastic energy contributes to the free
energy of insertion of the object. How large is it?
If K A,m = K A/2 is the monolayer stretching modulus, the
total elastic energy can be written as

Eel =

1
(A − A0 − a)2 1
(A − A0)2
K A,m
+ K A,m
.
2
A0
2
A0

(E1)

The still vanishing stress is given by


∂Eel
A − A0 − a A − A0
0=
= K A,m
+
,
∂A
A0
A0

(E2)

from which we find A = A0 + a/2, showing that the area
mismatch is shared evenly between the two leaflets. The total
elastic energy is therefore
( )2
a
1
.
(E3)
Eel = K A A0
8
A0
For WALP, we estimate the area of the inserted object as a
= π(d/2)2, where d = 12 Å is the diameter of an α-helix. In our
simulations, we use a relaxed membrane area A0
= (100 Å)2, such that (a/A0)2 ∼ 10−4. Given a typical value
K A ≈ 250 mN/m for the stretching modulus,86 we obtain Eel
∼ 0.1 k BT ∼ 0.06 kcal/mol, which is a negligible contribution
to the overall free energy of insertion.
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