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ABSTRACT: Molecular dynamics (MD) simulations offer the
possibility to study biological processes at high spatial and
temporal resolution often not reachable by experiments.
Corresponding biomolecular force field parameters have been
developed for a wide variety of molecules ranging from inorganic
ligands and small organic molecules over proteins and lipids to
nucleic acids. Force fields have typically been parametrized and
validated on thermodynamic observables and structural character-
istics of individual compounds, e.g. of soluble proteins or lipid
bilayers. Less strictly, due to the added complexity and missing
experimental data to compare to, force fields have hardly been
tested on the properties of mixed systems, e.g. on protein−lipid systems. Their selection and combination for mixed systems is
further complicated by the partially differing parametrization strategies. Additionally, the presence of other compounds in the
system may shift the subtle balance of force field parameters. Here, we assessed the protein−lipid interactions as described in the
four atomistic force fields GROMOS54a7, CHARMM36 and the two force field combinations Amber14sb/Slipids and
Amber14sb/Lipid14. Four observables were compared, focusing on the membrane-water interface: the conservation of the
secondary structure of transmembrane proteins, the positioning of transmembrane peptides relative to the lipid bilayer, the
insertion depth of side chains of unfolded peptides absorbed at the membrane interface, and the ability to reproduce
experimental insertion energies of Wimley-White peptides at the membrane interface. Significant differences between the force
fields were observed that affect e.g. membrane insertion depths and tilting of transmembrane peptides.

1. INTRODUCTION

The increase of computational resources in terms of hardware
and algorithms as well as the boost in the development and
further refinement of force field parameters enable us nowadays
to reliably study in silico protein dynamics at the atomistic scale
in a nativelike environment. Transmembrane proteins con-
stitute 20 to 30% of all encoded proteins.1 Therefore, a proper
parametrization of protein−lipid interactions is of high interest.
Apart from determining protein localization, lipids frequently
even modulate protein activity,2 e.g. by influencing the protein
insertion depth.3 One example is the GPCR β2 adrenergic
receptor. Its activation is favored by negatively charged lipids.
The receptor may also be activated by detergents in the absence
of a membrane.4,5 Similarly, the functioning of the chemokine
receptor CXCR4 is coupled to membrane cholesterol.6

Molecular dynamics (MD) simulations using a sequential
multiscaling approach suggested that the steroid drives the
formation of an activation-competent dimerization interface.7

Attempts to understand the role of lipids in the activation of
the β2-adrenergic receptor by simulations revealed a huge
influence of the results on the particular force field: the number
of lipid binding events to a specific binding pocket within the
receptor was reported to be reduced or enlarged by up to 1
order of magnitude for different force fields.8 However, it is

difficult to assess different protein−lipid force fields, based on
results obtained for specific observables of selected proteins.
Biomolecular force fields are continuously developed since

the mid 1970s.9,10 Initially, the development of parameters
mainly focused on the reproduction of ab initio data for small
molecules and protein structural data.11−13 The second
generation of force fields, developed from the beginning of
the 1990s, aimed to reproduce besides structure also
thermodynamic properties like densities and hydration free
energies, thereby enabling the study of condensed states.
Simulations of systems in their condensed state require a fine
balance between solvent−solute, solute−solute, and solvent−
solvent interactions.14,15 Although increased attention was
attributed to protein−lipid−water interactions during the last
years, the force field refinement is limited by the lack of
experimental data for general observables such as e.g. the
insertion depths of different transmembrane (TM) peptides.
Therefore, the calibration and the validation of force fields
focused mainly on the reproduction of properties of either
water solvated proteins or of pure membrane characteristics.
For proteins, force fields are typically evaluated in terms of
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secondary structure reproducibility.16−21 Recently, also struc-
tural observables of intrinsically disordered peptides and
proteins were assessed.22,23 For membranes, the area per
lipid, volume per lipid, surface tension, electron density, order
parameters, X-ray and neutron scattering form factors, and lipid
diffusion are typically compared to experiments.24−30 Current
attempts to validate all-atom force fields that include protein−
lipid interactions are restricted to the structural characteristics
of membrane-embedded proteins or peptides.31 Differently, the
evaluation of the quality of the Martini coarse-grained force
field32 and later on the reparametrization of the protein
parameters (version 2.233) was validated by the partition free
energies of model Wimley-White (WW) peptides34 at solvent−
water or at the membrane-water interface. In contrast, the
estimation of insertion free energies of full-length WW peptides
is currently hardly feasible in atomistic MD simulations.35 All-
atom approaches therefore used simplified systems consisting
of single amino acid side chain analogs only to assess protein or
peptide membrane insertion free energies.36,37 Possible artifacts
due to the exclusion of backbone energy contributions as well
as the neglect neighboring amino acids are difficult to quantify.
Here, we compared different protein−lipid force field

combinations: (1) in their ability to conserve the secondary
structure of selected transmembrane proteins, (2) in the
positioning of transmembrane peptides in the lipid bilayer and
their influence on the lipid surrounding, (3) for differences in
the insertion depth of the side chains of unstructured peptides
absorbed at the bilayer interface, and (4) their ability to
reproduce the insertion free energies of Wimley-White (WW)
peptides. The peptide insertion free energies were approxi-

mated by the sum of the energies of individual amino acids,
weighted by their membrane depth distribution in WW
peptides. The potential of the mean force (PMF) for the
membrane insertion of individual capped amino acids was
analyzed at atomistic resolution, taking for the first time the
backbone contributions into account. Four force fields
commonly used to simulate protein−membrane systems were
compared, namely the united-atom GROMOS54a7,16 the all-
atom CHARMM36,38 and the two all-atom combinations
Amber14sb/Slipids39,40 and Amber14sb/Lipid14.26,39

2. MATERIALS AND METHODS

The analysis performed in the assessment of different force
fields in the study of protein−lipid interactions is summarized
in Figure 1. This section summarizes the preparation,
simulation, and analysis of the different simulation systems
used for these tests. In detail, transmembrane proteins, helical
transmembrane peptides, membrane-absorbed short peptides,
and single capped amino acids were studied.

2.1. Transmembrane Protein Simulations. The ability of
the studied force fields to preserve the secondary structure of
transmembrane (TM) proteins was analyzed based on MD
simulations of a β-barrel membrane protein (OmpX, pdb entry
2M0641) and a protein with excess of α-helical structure
(aquaporine, AQP0, pdb entry 2B6P42) embedded in a lipid
bilayer (see Figure 2 A). The TM protein simulations were
prepared using our recently established procedure.43 In brief,
the proteins were converted to the coarse-grained (CG)
Martini representation (Martini2.2 force field44) using
martinize.44 Next, a 1-phosphatidyl-2-oleoyl-sn-glycero-3-phos-

Figure 1. Analysis performed in the assessment of different protein−lipid force fields.

Figure 2. (A) Transmembrane protein systems used to analyze the conservation of a secondary structure in different force fields. AQP0 on the left
and OmpX on the right (shown as chain-colored cartoons) were inserted into a model POPC bilayer (shown as gray sticks with phosphate atoms
highlighted as orange spheres) and solvated by water (shown as marine surface) at 150 mM NaCl (omitted for clarity). (B) Sample Wimley-White
peptide-membrane system. The membrane is shown as element-colored sticks (carbon in pink, nitrogen in blue, oxygen in red, and phosphorus in
orange). The amino acid coloring of the peptide is as follows: acetyl in orange, tryptophan (residue 1) in green, leucine (residue 2) in red, lysine
(residue 3) in purple, leucine (residue 4) in gray, and leucine with negatively charged C-terminus (residue 5) in brown.
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phocholine (POPC) lipid bilayer was built, and coarse-grained
water molecules and ions (corresponding to 150 mM NaCl
concentration in the atomistic representation) were added
using the program insane.45 The systems were energy
minimized using 500 steps of a steepest descent minimization.
A set of position restraint simulations (2,000 steps each) with
increasing simulation time steps, namely 2, 10, and 20 fs, was
performed followed by 350 ns equilibration simulations. The
simulations were performed in an NpT ensemble, applying a
semiisotropic pressure coupling to 1 bar using the Berendsen
barostat46 with a coupling time constant of 3 ps. The
temperature was kept constant at 310 K separately for the
protein, the lipid bilayer, and water with ions using the
Berendsen thermostat46 with a coupling time constant of 1 ps.
However, note that the Berendsen thermostat and barostat do
not strictly provide a correct thermodynamic ensemble. The
center of mass of the system was removed in every step
separately for the membrane-protein system and the water
phase. The electrostatic interactions were shifted between 0 and
1.2 nm and the van der Waals interactions between 0.9 and 1.2
nm to zero. The relative dielectric constant was set to 15, and
the nonbonded interaction list was updated every 10
integration steps.
After equilibration in the CG representation, the systems

were converted to atomistic resolutions applying the backward
method.47 In the backmapped structures the CG protein was
replaced by its crystal structure, and the system was twice
minimized. During the first minimization of 200 steps the
protein crystal structure was kept frozen. In the second
minimization (200 steps of steepest descent minimization) all
atoms were allowed to move freely. Two ns position restraint
simulations were followed by production simulations (200 ns in
the case of OmpX and 100 ns in the case of the aquaporin
tetramer). The simulation parameters for all studied force
fields, namely GROMOS54a7,16 CHARMM36,38 Amber14sb/
Slipids,39,40 and Amber14sb/Lipid14,26,39 are summarized in
Table 1. For GROMOS54a7 and CHARMM36 standard ion
parameters included in the force field were used. For
simulations with the Amber14sb protein force field, the ion

parameters (mostly based on the ion parameters developed by
Åqvist48) from the Amber99sb force field were used instead of
the Joung and Cheatham ion parameters49 that are included in
the GROMACS’ version of Amber14sb. The reason for this
choice is the original parametrization and the validation of the
Lipid14 and Slipids lipid parameters with the Amber99sb ion
parameters.50,51 The Joung and Cheatham parameters led to
excessive overbinding of ions to the lipid membrane. Further
information on the influence of the ion parameters on protein−
membrane simulations is included in the Supporting
Information.

2.2. Transmembrane Peptide Simulations. The effect of
different force fields on the relative positioning of trans-
membrane peptides was exemplarily evaluated for a model
WALP23 peptide spanning a DOPC bilayer and a polyvaline
mutant of the transmembrane domain of synaptobrevin (sybII)
embedded in a POPC bilayer. The latter peptide was shown to
have a large impact on the membrane structure.52 The
WALP23 (1-GWWLALALALALALALALALWWA-23) and
the synaptobrevin transmembrane segment (88-YWWKNL-
KMMVVVVVVVVVVVVVVVVYFST-116) were modeled in
α-helical conformation using PyMOL.53 The peptides were
transformed to a coarse-grained representation (Martini 2.2
force field) with martinize44 and surrounded by a DOPC
(WALP23) or a POPC (sybII polyV mutant) bilayer, hydrated
with water and 150 mM NaCL using insane.45 After
equilibration of the CG representation, the systems were
converted to atomistic resolution using backward47 (for
CHARMM36 and GROMOS54a7 force fields). A snapshot
of the simulated system using CHARMM36 was converted to
representations compatible with Amber14sb/Slipids and
Amber14sb/Lipid14. The simulation workflow was identical
to the one used for the TM protein simulations. The simulation
parameters used for the force fields are listed in Table 1. The
production simulations lasted for 500 ns for each system.
Synaptobrevin was simulated at 310 K and WALP23 at 313 K.

2.3. Insertion Depth of Oligopeptides at the Mem-
brane Interface. A CG representation of a Wimley-White
(WW) peptide, structure Ace-W1-L2-X3-L4-L5-COO

−(where X3

Table 1. Simulation Conditions for Individual Force Fieldse

parameters GROMOS54a7 CHARMM36 Amber14sb/Lipid14 Amber14sb/Slipids

time step [fs] 2 2 2 2
RCoulomb [nm] 1.4 1.2 1.0 1.5
Coulomb method GRF57(ϵRF = 61) PME58 PME58 PME58

RvdW [nm] 1.4 0.8−1.2 1.0 1.5
vdW method Verlet cutoff60 Verlet cutoffa60 Verlet cutoff Verlet cutoffa60

vdW modifier switch switch
dispersion correction no no EnerPress61 EnerPress61

COM removalb[steps] 100 100 100 100
neighbor list search [steps] 10 10 10 10
barostat Berendsen46 PR59 Berendsen46 PR59

τp [ps] 0.5 5 1 10
thermostatd Berendsen46 Nose-́Hoover62,63 Nose-́Hoover62,63 Nose-́Hoover62,63

τT [ps] 0.1 0.5 0.5 0.5
constraints h-bonds h-bonds h-bonds all bonds
water model SPC64 TIP3Pc65 TIP3P66 TIP3P66

ion model GROMOS54a7 CHARMM36 Amber99sb Amber99sb
aThe Verlet cutoff scheme60 in combination with a switch vdW modifier is equal to the old switch scheme for van der Waals interactions. bThe
COM (center of mass) motion was removed linearly for the whole system. cThe CHARMM TIP3P water model with Lennard-Jones interaction
sites on hydrogens. dFor membrane proteins the v-rescale thermostat was used due to better lipid entropy conservation (data not shown). eGRF,57

generalized reaction field; PME,58 particle-mesh Ewald; PR,59 Parrinello−Rahman thermostat; vdW, van der Waals interactions.
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is the amino acid of interest), absorbed on a bilayer of 128
POPC lipids and hydrated with 80 water molecules per lipid,
was obtained from Gurpreet Singh (personal communica-
tion).32 Additionally, three selected dipeptides, Ace-W-L-NH2,
Ace-S-L-NH2, and Ace-L-L-COO−, adsorbed on a bilayer of
200 POPC lipids, hydrated with 85 water molecules per lipid
were prepared. The CG structures of WW peptides were
converted to atomistic resolution for the different studied
atomistic force fields, while the selected dipeptides were
converted exclusively to atomistic descriptions within the
CHARMM36 force field. The conversion succeeded by the tool
backward.47 The atomistic Wimley-White peptides (see Figure
2 B) were capped with an acetyl group on their N-terminus and
uncapped at the C-terminus. Membrane insertion depth
distributions were obtained from 500 ns equilibration MD
simulations at 310 K. The progression of the insertion depths
for the individual side chains was monitored as a function of
time (Supporting Information). Figure 3 D exemplary shows
the distributions for the WW peptide Ace-W1-L2-A3-L4-L5-
COO− within the Amber14sb/Slipids force fields.

2.4. Energy Profiles of Individual Amino Acids. In
order to calculate the potential of the mean force (PMF) of
representative residues along the lipid bilayer normal, the
amino acids Ala, Leu, Phe, Trp, Ser, Glu, Asp, and Lys capped
with the acetyl group (N-terminus) and the amino group (C-
terminus) (Figure 4 A) were positioned in the solvent phase at
a distance of 5 nm from the center of mass (COM) of a POPC

bilayer (72 lipids hydrated with approximately 85 water
molecules per lipid). Additionally, membrane systems contain-
ing acetyl amide, acetyl radical, and leucine capped at its N-
terminus by an acetyl group and carrying a negatively charged
C-terminus (Leu-COO−) at the predefined membrane distance
of 5 nm were prepared. Structures of these molecules are
shown in Figure 4 B, D, and C, respectively.
The simulation systems were prepared as follows: First, CG

representations of all capped amino acids were generated using
martinize.33 Subsequently, the lipid bilayer and water were
added using insane.43 Each system was energy minimized using
the steepest descent algorithm for 10,000 steps and equilibrated
for 10 ns applying position restraints on the backbone bead of
the studied amino acid. The equilibrated CG systems were
converted to an atomistic description (Amber14sb/Slipids force
fields31,39) using the tool backward47 and equilibrated with
protein position restraints for 100 ps.
PMFs of the capped amino acids of the membrane normal

(water phase to bilayer center) were calculated using umbrella
sampling.54,55 Starting structures for umbrella sampling
simulations were generated by pulling the center of mass
(COM) of each capped amino acid from water into the bilayer
at a pulling rate of 0.001 nm/ps with a force constant of 1000
kJ mol −1 nm−2 for 10 ns. All pulling simulations were
performed using the Amber14sb/Slipids force fields combina-
tion and the GROMACS 5.0.4 package.56 Other simulation
conditions can be found in Table 1.
Umbrella sampling was performed in the range of 0 to 4 nm

of separation along the membrane normal (z) between the
COM of the capped residue and the bilayers COM. The
simulation system was divided into four regions based on the
component density along the membrane normal, similar to
Marrink et al.,67 see Figure 3 B. Umbrella sampling starting
structures were selected from the pulling simulations at spacing
of ≤0.1 nm, resulting in 44 to 100 umbrellas for each amino
acid. Subsequently, the snapshots were converted to
representations within the three other studied force fields
here, namely GROMOS54a7,16 Amber14sb/Lipid14,26,39 and
CHARMM36.68 The samples were equilibrated applying
position restraints on the capped amino acid for 1 ns.
Afterward, umbrella sampling production run simulations
were performed and monitored every 1 ns until the energy at
the membrane interface region varied less than 0.2 kcal/mol
over the last 5 ns of the respective umbrella simulation (see
Supporting Information Figures S6−S9). The production

Figure 3. (A) Snapshot of the studied POPC membrane. (B) Density
profile of the system used to divide the simulation box into regions I−
IV. (C) Energy profiles of an acetyl amide (Ace-NH2) and of capped
and uncapped alanine. (D) The insertion depth distributions of the
different components of a sample WW peptide within the Amber14sb/
Slipids force fields.

Figure 4. Chemical structures of (A) amino acids capped by acetyl and
amino groups (R corresponds to the side chain of the studied residue),
(B) acetyl amide, (C) leucine capped on its N-terminus with the acetyl
group and carrying a negatively charged C-terminus, and (D) the
acetyl radical.
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simulations ranged between 20 and 40 ns for Amber14sb/
Slipids, Amber14sb/Lipid14, and CHARMM36 force fields and
40 and 70 ns for GROMOS54a7 due to the reduced lipid
diffusion in this force field.28 Energy profiles were calculated
using the weighted histogram analysis method (WHAM69).
The uncertainty was calculated with 200 bootstraps, applying
the Bayesian bootstrap method.69 The energy profiles with their
respective standard deviations and the histograms for each
studied capped amino acid are shown in the Supporting
Information.
The energy profiles for the uncapped amino acids were

approximated by subtracting the profile for acetyl amide from
the given capped amino acid. Figure 3 C shows the described
procedure for alanine simulated in the Amber14sb/Slipids force
field combination. The energy of the terminal Leu-COO−was
calculated by subtracting the energy profile of the acetyl radical
from the profile of leucine capped on its N-terminus by the
acetyl group.
2.5. Energy Profiles of Dipeptides. The potential of the

mean force was further calculated for three dipeptides: Ace-W-
L-NH2, Ace-S-L-NH2, and Ace-L-L-COO−.
The peptides were prepared according to the protocol

described in Section 2.4 for the calculation of the PMF for
individual amino acids. Each dipeptide was located in water at a
distance of ≈5 nm from the center of mass of a POPC bilayer
consisting of 200 lipids and hydrated by approximately 85 water
molecules per lipid. The pulling simulation of each dipeptide
from water to the middle of the bilayer was performed using
the atomistic force field CHARMM36. Each peptide was pulled
into the membrane at a rate of 0.001 nm/ps with a force
constant of 1,000 kJ mol−1nm−2 for 10 ns. Snapshots of the
pulling process were selected at a spacing of 0.1 nm along the
membrane normal. These snapshots were used as starting
structures for the umbrella sampling simulations. Following an
equilibration of 1 ns with position restraints on both the
membrane and peptide center of masses, umbrella sampling
production runs were performed until convergence of the PMF
was achieved. The convergence was measured as the change in
the depth of the local minima between z = −2 nm and z = −1
nm (z = 0 corresponds to the membrane center). The criterium
for convergence was a variation <0.2 kcal/mol over the last 5 ns
of the simulations (see the Supporting Information). Under this
condition, the individual umbrella production runs lasted 50 ns
for the dipeptides Ace-S-L-NH2 and Ace-L-L-COO- and 70 ns
for Ace-W-L-NH2.

2.6. Free Energies of Absorption of Oligopeptides.
The total absorption energy (Eabs) (see eq 1) of an oligopeptide
to the membrane interface was approximated by the sum of the
energy contributions for each residue (x) (i.e., the insertion
energy of a WW peptide includes the contributions of acetyl
radical, uncapped amino acids W, L, X, L, and L-COO−).
These individual energy contributions were calculated by

weighting the PMF of the residue (Ex(z)) with its normalized
insertion depth distribution (Px(z)) obtained from the
simulation of the full peptide. The individual PMF curves
were obtained from umbrella sampling simulations along the
membrane normal for distances z between 0 and −4 nm from
the membrane center.

∫∑=
ϵ

E E z P z dz( ) ( )
x X

x xabs
0

4

(1)

3. RESULTS

3.1. Conservation of Secondary Structure. The
conservation of protein secondary structure in molecular
dynamics simulations is one of the most frequently applied
and accepted validation methods to assess the quality of
biomolecular force fields.16−20 Figure 5 shows the α-helical and
β-sheet content over the simulation time for the TM proteins
AQP0 and OmpX, respectively. All investigated force fields
largely conserved both the α-helical and β-sheet content during
the simulation time. The variations with respect to the crystal
structure (gray line) are small in most cases, and only slight
differences among the force fields were observed. Namely, the
α-helical content of AQP0 described by the Amber14sb force
field decreased by about 3 residues per chain as compared to
the crystal structure. This decrease results from a partial
refolding into a 310 helix (see the Supporting Information). The
β-sheet content of OmpX is well conserved for all studied force
fields, only GROMOS54a7 temporarily showed a reduced β-
sheet content (up to 8 residues). However, the crystal β-sheet
content was largely recovered during the final 50 ns of the
simulation. All studied force field combinations appear well
suitable in the study of both membrane embedded β-barrel and
α-helical transmembrane proteins using MD simulations.

3.2. Transmembrane Peptide Positioning. Single helical
peptides are more sensitive to subtle differences in protein−
lipid interactions as compared to large compact transmembrane
proteins. Two test systems for protein−lipid interactions at the

Figure 5. Conservation of a secondary structure over simulation time for the different studied force fields as determined by the program DSSP.70

Only the main secondary structure types (α-helix in the case of AQP0 and β-sheet in the case of OmpX) are shown. The secondary structure content
of the respective crystal structures is shown as gray lines. In the case of AQP0 averages over all 4 chains (identical secondary structure content in the
beginning of the simulation) are shown.
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biomembrane interface were studied here. First, the positioning
of the model peptide WALP23 in a DOPC bilayer was studied
and compared to experimental data.71 In the second step, the
positioning of the more complex SNARE peptide synapto-
brevinII (short sybII) with a polyvaline transmembrane stretch
was studied (sequence: 86-YWWKNLKMMVVVVVVVVV-
VVVVVVVYFST-116). The tilt of both peptides and the
local membrane thickness around the synaptobrevin mutant
were compared for the different force field combinations (see
Table 2). Moreover, for the synaptobrevin peptide the distance
between the center of mass (COM) of the lipid bilayer and the
center of mass of every amino acid is shown in Figure 6.
The tilt angles of the WALP23 peptide were similar for the

different studied different force fields (only CHARMM36
resulted in a slightly smaller tilt angle by ≈4°) and show a good
agreement to experiment.71 A direct comparison of simulation
and experimental data by comparison of quadrupolar splittings
of alanine side chains did not yield significant differences
between the force fields (see Supporting Information, Figure
S3) on the studied time scale of 500 ns. Deviations were in the
similar range as reported earlier by Monticelli et al.73 for
WALP23 using microsecond coarse-grained simulations.
All sybII peptides adopted a similar orientation in the bilayer

with Lys91 determining the tilt direction (data not shown) in
agreement with a previous study.52 However, the degree of
sybII peptide tilting differed drastically among the force fields;

the average peptide tilt amounts between 18.9° for
GROMOS54a7 and 30.2° in Amber14sb/Lipid14 (see Table
2 for all values and standard deviations). Thereby, the peptide
tilt depends on both the membrane thickness and the insertion
depth of anchoring residues. Accordingly, the thickness of a
pure POPC bilayer was determined to 3.94 nm for
GROMOS54a7, the thickest membrane, followed by
CHARMM36 (3.90 nm), Amber14sb/Lipid14 (3.78 nm),
and Amber14sb/Slipids (3.75 nm).
The membrane in Amber14sb/Slipids displayed a significant

thinning by ≈0.1 nm close to the sybII TM mutant peptide.
Also, the local membrane thickness was observed to be
correlated to the peptide tilt (see Supporting Information,
Figure S5). The differences in peptide tilt are as well reflected
by the relative positioning of the peptide anchor residues: the
insertion depths of Trp89 and Trp90 in GROMOS54a7 differed
from the other force fields, i.e. the residue Trp89 is found
outside the phosphate layer in GROMOS54a7 but underneath
the phosphate layer in the other studied force fields (see Figure
6, Inset I). Probably the seemingly larger polarity of Trp in
GROMOS54a7 is coupled to the observed partial unfolding of
the peptide’s termini in this force field (see Supporting
Information for further details). In summary, the positioning
and the secondary structure stability of the studied sybII TM
mutant peptide were similar for CHARMM36 and the force
field combinations Amber14sb/Lipid14 and Amber14sb/

Table 2. Tilt Angle of the WALP23 Peptide and a Synaptobrevin TM Mutant Peptide, Membrane Thickness of Pure POPC
Membrane (PM), and Membrane Thickness in the Vicinity of the Respective Peptide within a 1 nm Distance of the Peptide
(LM)b

WALP23 sybII polyV mutant

force field tilt angle (deg) tilt angle (deg) PM (nm) LM (nm)

CHARMM36 14.5 ± 3.6 26.8 ± 3.7 3.90 ± 0.02 3.90 ± 0.06
GROMOS54a7 19.8 ± 4.0 18.9 ± 3.2 3.94 ± 0.02 4.02 ± 0.04
Amber14sb/Lipid14 19.5 ± 4.5 30.2 ± 4.7 3.78 ± 0.01 3.80 ± 0.09
Amber14sb/Slipids 18.4 ± 4.7 28.6 ± 9.4 3.75 ± 0.01 3.67 ± 0.14
experiment 21 ± 371 3.8872a

aObtained by linear extrapolation (R-squared value of 0.97) of experimental data.72 bStandard deviations were determined on 50 ns intervals of the
peptide and on 20 ns intervals of the pure membrane simulations.

Figure 6. Distance between the POPC bilayer core, defined by the center of mass (COM) in a normal direction, and the COM of each amino acid of
the transmembrane domain of a polyvaline mutant of sybII, calculated from time frames of 50 ns between 50 and 500 ns of simulation. The standard
deviations are shown as error bars. The lines represent the z-positions of the COM of lipid phosphorus atoms in the vicinity of the peptide (within 1
nm of the peptide) for each force field. The enlarged images I and II show the distance between the COM of phosphates (black line) and 5 amino
acids at each terminus.
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Slipids, while the corresponding observables differed signifi-
cantly for the GROMOS54a7 force field.
3.3. Absorption of Wimley-White Peptides to the

Membrane Interface. In a next step, the insertion depths of
different peptides absorbed to the membrane interface were
addressed. Here, submicrosecond simulations (500 ns) of
selected Wimley-White (WW) peptides served as a probe. WW
peptides are short unstructured peptides of sequence Ace-W1-
L2-X3-L4-L5-COO

− (X3 denotes the probed amino acid) that
were designed experimentally to position at the membrane-
water interface34 (see Figure 2 B). However, as the peptide
backbone is not fully flexible (allowed regions in the
Ramachandran plot)74 not all side chains can point to the
membrane interior simultaneously. Therefore, even a small
difference in the hydrophobicity of residue X3 may result in a
different insertion depth of this residue and of its neighbors at
the membrane interface. A comparison of the insertion depth
distribution of the central residue (X3) of the WW peptide is
shown for three amino acids (charged Lys, polar Ser, and
hydrophobic Phe) with differing physicochemical character-
istics for the four studied force field combinations in Figure 7;
other peptides are shown in the Supporting Information.

With the exception of the WW peptide harboring a glutamic
acid in its central position (WW_Glu) using the Amber14sb/
Slipids force fields which desorbed for about 3 ns, all peptides
stayed absorbed at the membrane interface during the 500 ns
simulations, in agreement with their predicted position parallel
to the membrane surface. The anchoring by tryptophan on the
N-terminus and by the negatively charged C-terminus restrains
the peptides termini to the membrane interface, thereby
preventing a deep membrane burial of the central amino acids.
The insertion depths of the central amino acids vary
significantly depending on the force field (see e.g. Phe depth
distribution as described by GROMOS54a7 or CHARMM36 in
Figure 7). The expected increased insertion depth of the
hydrophobic amino acid phenylalanine as compared to lysine
and serine was observed for CHARMM36, but the difference
was more subtle for Lipid14, Slipids, and GROMOS54a7.
Counterintuitively, GROMOS54a7 showed a narrow and sharp
peak for phenylalanine significantly shifted outside of the
membrane as compared to the other studied force fields.
Overall, the observed differences hint to significant differences
in the protein−lipid interaction at the membrane interface. The

following section aims to quantify these differences by
analyzing the potential of the mean force (PMF) for the
membrane insertion of capped amino acids.

3.4. Profiles of Uncapped Amino Acids. The potential of
the mean force (PMF) as a function of the distance from the
membrane center was analyzed using umbrella sampling for the
uncapped amino acids Ala, Leu, Phe, Trp, Ser, Glu, Asp, and
Lys for each studied force field (see Methods, results are
summarized in Figure 8).
The differences between GROMOS54a7 and the other force

fields are striking, e.g. the energy required to move Asp to the
bilayer center (z = 0) can be up to 10 kcal/mol larger for
GROMOS54a7 as compared to Amber14sb/Lipid14. More-
over, GROMOS54a7 yields the largest negative insertion
energies for all amino acids as compared to the other force
fields. Other more subtle differences, in particular for the
position of the energy minima, that determine the preferred
location of the amino acid in the bilayer, are observed as well.
E.g., the minimum in the PMF for phenylalanine is located at
−0.6 nm (region I), −0.9 nm (region II), −0.8 nm (region I),
or −1.0 nm (region II) in GROMOS54a7, CHARMM36,
Amber14sb/Slipids, and Amber14sb/Lipid14, respectively. The
positively charged residue Lys, which has the ability to snorkel
from the hydrophobic region to the membrane interface,75

would be expected to display a shallow and broad potential
trough within the membrane. A corresponding PMF profile was
observed for CHARMM36 and Amber14sb/Slipids. Surpris-
ingly, the GROMOS54a7 PMF profile for Lys resembles the
one for the uncharged Lys (LysN). The Amber14sb/Lipid14
force field resulted in similar energy profiles for all three
charged residues (Glu, Asp, and Lys).
Additionally, all force fields except for CHARMM36

displayed a significant energy minimum for the small polar
residues Ser and protonated Asp (AspH) within the membrane
interface region, suggesting that polar amino acids in these
force fields prefer to be bound to the lipid headgroups to being
fully solvated. While all force fields yielded negative insertion
energy for uncapped Leu at the bilayer center, only
GROMOS54a7 assigned a negative PMF to Phe in this region.
Noteworthy, in all force fields Trp shows a broad minimum
fully spanning over region II and partially extending into
regions I and III. This broad minimum contradicts the expected
preference of Trp for the membrane interface and its function
in anchoring membrane proteins or peptides at a specific
insertion depth (see e.g. ref 76).

3.5. Validation of Linear Membrane Absorption Free
Energy for Peptides. Free energy estimates for the
absorption of peptides to membranes are severely hampered
by the required long sampling times, partly due to the slow
equilibration of the lipid−water interface.77
Here, we suggest a linear interaction energy approach for

estimating the membrane absorption energy of peptides
(’LIMA’). I.e., the total peptide absorption energy is
approximated by the sum of the absorption energies of the
(isolated) residues, weighted by the respective depth
distribution of the residues within the full peptide (see
Methods section, eq 1). The accuracy of the LIMA approach
was investigated for three representative dipeptides (Ace-W-L-
NH2, Ace-S-L-NH2, and Ace-L-L-COO−), by comparison of
the LIMA energies to corresponding full potential of mean
force (PMF) analysis for these peptides within the
CHARMM36 force field.

Figure 7. Insertion depth distributions (the COM of local phosphates
within 1 nm corresponds to 0) of the side chain of the central residue
X in three evaluated WW peptides (Lys, Ser, and Phe) using different
force fields. The hydrophobic core of the bilayer is represented by the
gray shadow.
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The PMF was analyzed as a function of the distance between
the COM of the membrane and the COM of the dipeptide
(Figure 9). All three dipeptides exhibit an energy minimum in
the membrane interface region at a distance of ≈1.6 nm from
the membrane center. The presence of a significant desorption
barrier in the case of the most polar dipeptide (Ace-L-L-
COO−) keeps this peptide stably absorbed to the lipid bilayer
interface on the 500 ns time scale despite a vanishingly small
insertion free energy. The two more hydrophobic peptides Ace-
W-L-NH2 and Ace-S-L-NH2 both show a strong preference for
the membrane interface over the water phase with absorption
free energies of −1.74 kcal/mol for Ace-S-L-NH2 and of −2.38
kcal/mol for the more hydrophobic Ace-W-L-NH2 peptide.
The free energy difference between the peptide in bulk water

and at the membrane interface (ΔGPMF) was compared with
the insertion energy calculated using the LIMA approach
(ΔGcalc). The LIMA energies reproduced the same order of the
peptides, with deviations between the full PMF energies and
the LIMA energies below 0.8 kcal/mol, however at a
significantly reduced computational cost. The linear interaction

energy approach was subsequently applied to full Wimley-
White peptides.

3.6. Insertion Energy of Wimley-White Peptides. The
total insertion energies of different WW peptides were
approximated by adding up the energetic contributions of
each residue of the WW peptides, weighted by its membrane
insertion depth distribution in simulations of the full peptides
(see Methods section). Figure 10 shows the absolute insertion
energies for eight different WW peptides in the four studied
force fields compared to the experimental transfer energies
between water and the bilayer interface (Wimley and White34).
Both the correlation coefficient (R), measuring the linear
correlation between experimental and calculated values, as well
as the P-value, i.e. the probability to obtain the same calculated
values by random sampling, are provided. CHARMM36,
Amber14sb/Lipid14, and Amber14sb/Slipids force fields
displayed a high linear correlation to experiment (R > 0.8),
CHARMM36 being the one with the highest R-value and the
smallest P-value. Although the Amber14sb/Slipids force field
shows a high correlation to experiments, the insertion energies

Figure 8. PMF for membrane insertion (z = 0 corresponds to the membrane center) of uncapped amino acids ordered according to their
hydrophobicity. The hydrophobic Ala, Leu, Phe, and Trp amino acids are shown in the first row, the uncharged polar residues Ser, neutral Lys
(LysN), and neutral Asp (AspH) are shown in the second row, and the charged residues Lys, Asp, and Glu are shown in the bottom panel. The gray
lines separate the system into regions I−IV as suggested by Marrink et al.,67 and they are calculated from the density composition of the membranes
for each studied force field combination.

Figure 9. PMF of membrane insertion of dipeptides Ace-W-L-NH2, Ace-S-L-NH2, and Ace-L-L-COO− as a function of distance from the center of
mass of the lipid bilayer. The energy difference ΔGPMF between the peptide in water and the absorbed peptide is given as a red line. ΔGcalc is the
LIMA free energy estimate (see Methods).
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were overall shifted to lower values (by 2.74 kcal/mol on
average). GROMOS54a7 showed the worst correlation
coefficient (R < 0.75). Similar to Amber14sb/Slipids, the
WW peptide membrane absorption was overall too favorable in
GROMOS54a7.
Additionally, insertion energies relative to the alanine WW

peptide were calculated by subtracting the absolute membrane
insertion energy of the alanine WW peptide from the WW
peptide of interest, similar to the construction of the Wimley-
White interface scale.34 The force fields can be ranked by their
ability to reproduce the experimental values in the following
order: CHARMM36, Amber14sb/Slipids, Amber14sb/Lipid14,
and GROMOS54a7. All studied force fields, with the exception
of GROMOS54a7, yielded an improved correlation to
experiment as compared to a previous free energy analysis for
side chain analogs using a combination of the OPLS-AA78 force

field for proteins and the Berger79 force field for DOPC lipids
(see Figure 11).80

4. DISCUSSION AND CONCLUSIONS
Different atomistic force fields frequently used in biomembrane
MD simulations were assessed focusing in particular on the
description of protein−lipid interactions. Our results show that
albeit the conservation of the secondary structure of trans-
membrane proteins is essential, it is not a sufficient criterion for
the evaluation of protein−lipid interactions in atomistic force
fields. The secondary structure of OmpX and AQP0 was
equally well conserved for Amber14sb/Lipid14 and Am-
ber14sb/Slipids force field combinations and the CHARMM36
force field, as well as the orientation and insertion depth of an
α-helical transmembrane peptide in a model phospholipid
bilayer. GROMOS54a7 showed significant differences in both
structure conservation of transmembrane proteins and position-
ing of transmembrane peptides as compared with the other
three force fields. Thus, conclusions drawn from MD studies on
the interactions both of transmembrane52 and membrane
adsorbed81 proteins with lipid membranes may significantly
depend on the chosen force field. Additionally, the amino acid
membrane insertion depth and the transfer free energy to the
membrane interface differed significantly among the force
fields. However, validation and rating of the different force
fields ultimately depends on a comparison of observables to
experiment. The widely applied Wimley-White scale constitutes
such an experimentally well-tested observable for peptide-
membrane interactions. Atomistic scale simulations of full
peptides addressing their binding free energy to membranes
are, however, still computationally prohibitively expensive.
In the here developed methodology the membrane insertion

energies of WW peptides are approximated by the sum of the
individual contributions of the single (uncapped) amino acids
weighted by their insertion depth distributions as obtained
from unrestrained (equilibrium) simulations of WW peptides at
the membrane interface. By applying this methodology, the
insertion energies of eight WW peptides in four force field
combinations, namely GROMOS54a7, CHARMM36, Am-
ber14sb/Lipid14, and Amber14sb/Slipids, were estimated and
compared to experiment.
Overall, the observed peptide-membrane configurations are

in agreement with the experimentally anticipated orientation of
Wimley-White peptides parallel to the membrane interface,
firmly anchored by the tryptophan residue on the N-terminus
and by a negatively charged C-terminus. Differently, the best

Figure 10. Comparison of absolute energies for the transfer of WW
peptides between water and the bilayer interface for the studied force
fields. The full line shows the ideal correlation to experimental
values,34 while the dashed line represents the actual correlation
between the calculated and the experimental values in each case. The
error is displayed as the root-mean-square error (RMSE).

Figure 11. Comparison of calculated side chain insertion energies to a POPC bilayer interface to experiment. The diagonal line shows the ideal
correlation to experimental values, while the dashed line represents the actual correlation between calculated and experimental values. The
MacCallum data80 obtained using the OPLS-AA force field for side chain analogs and the Berger force field79 for DOPC lipids is included for
comparison. The root-mean-square error (RMSE) is shown.
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overall agreement to the Wimley-White insertion energy scale
was achieved by the CHARMM36 force field, closely followed
by Amber14sb/Lipid14 combination of force fields. Although a
comparable performance was obtained for the relative side
chain insertion energies applying the Amber14sb/Slipids force
field combination, the absolute binding energies were
significantly overestimated. Accordingly, an overabsorption of
peptides on lipid membranes is to be expected. The worst
correlation to experiment was obtained for the GROMOS54a7
force field (R ≈ 0.72). These differences in the energetics are
partly coupled to structural differences.
In addition to the overall differences in correlation to

experiments, the detailed comparison of individual WW-
peptide insertion energies shows significant differences. E.g.
Amber14sb/Lipid14 inverts the order of the charged amino
acids Lys, Glu, and Asp relative to experiment. Exchange of the
lipid force field (Amber14sb/Slipids) leads to a drastic decrease
of the Lys interface energy by 2.9 kcal/mol, thereby improving
the agreement to experiments for the charged amino acids.
Additionally, only CHARMM36 and the Amber14sb/Slipids
combination predict the most favorable insertion energy for the
Trp WW-peptide. Obviously, the different strategies in the
parametrization of lipid force fields26,31 for Amber (Slipids and
Lipid14) severely affect the relative strengths of protein−lipid
interactions for the different amino acids. Our results strongly
discourage the mixing of lipid and protein force field
parameters without detailed testing of their compatibility.
Interestingly, all investigated force fields overestimated the

interfacial binding free energy of leucine. Nevertheless, given
that all lipid force fields were parametrized focusing on lipid
interactions and lipid membrane thermodynamics only, the
here observed agreement of peptide-lipid energies to experi-
ment is surprisingly good. The here presented results and
methodology can serve as a basis for further fine-tuning of
mixed force fields in the study of protein−lipid interactions.
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