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Abstract

The interactions among four amino acid analog pairs (Asn, Ser, Phe, and Val) within the
membrane environment were investigated using umbrella sampling molecular dynamics
simulations. The results confirm generally expected qualitative trends of preferential association
of polar compounds inside the membrane vs. preferential interaction of hydrophobic compounds
outside the membrane. Furthermore, correlations between amino acid interactions, membrane
insertion, and membrane deformations are discussed and a detailed analysis of pair interaction
energies is presented. A comparison of the energetics obtained from explicit lipid simulations with
those from implicit membrane models reveals significant deviations and an improved
parametrization of the HDGB implicit model is provided that partially corrects for deficiencies in
the implicit membrane model when compared with the new reference data from this study.
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Introduction

Membrane proteins are involved in a variety of cellular processes such as molecular
transport and signaling pathways, and they are the target of many pharmaceutical studies.
Membrane proteins are embedded in lipid bilayers that support and modulate their
activity.1=3 As with soluble proteins, the interactions among the amino acids and the
environment are the primary determinants of membrane protein structure and function.3 Yet,
knowledge gaps remain about the fundamental nature of amino acid interactions within the
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membrane environment. Experimentally, such interactions are notoriously difficult to probe
while computational studies have been hindered by the long time scales and complexity of
bilayer systems. Therefore, many computational studies of amino acids in bilayer
environments rely on simplifications such as coarse-graining*= or implicit membrane6-°
models to facilitate the conformational sampling of membrane protein systems0-13 at the
expense of neglecting subtle details of amino acid lipid interactions.

The association and insertion of small peptides in aqueous and lipid environments has been
the subject of several studies.}1~27 In particular, amino acid insertion into membrane
bilayers is fairly well understood. MacCallum et al. investigated the insertion of 17 amino
acid side chains from the bulk water into membrane region and calculated the distribution of
amino acid analogs with respect to the distance from the bilayer center.22 The membrane
insertion free energy profiles for each amino acid group (aliphatic, aromatic, and polar side
chains) were compared, and it was found that the energetic minimum of aliphatic side chains
is at the center of the bilayer, while the free energy minimum for aromatic side chains (Trp,
Tyr, Phe) is located near the lipid carbonyl group. Polar residues (Asn, Gln, Ser, and Thr)
have large positive free energies at the bilayer center that can be resolved in part by allowing
water penetration into the lipid bilayer.22 Membrane deformations are especially dramatic
when charged amino acids are inserted as described most clearly for the case of arginine
insertion.22

The energetics of amino acid interactions within the membrane is less well understood. Lee
and Im28 investigated individual per residue contributions of helix-helix association, found
out that that Asn residues contribute the most to the binding free energy. Later, Kim and
Im15 studied the interactions of transmembrane (TM) helices with lipid bilayers.1® They
decomposed the PMF of helix tilt angles into entropic and helix-lipid interactions, and
concluded that helix-lipid interactions provide a driving force for helix orientation under
positive hydrophobic mismatch conditions.1® In a recent study, Castillo et al.18 studied the
association of two WALP23 peptides in three lipid membrane systems using the MARTINI
coarse grained model?. In that study, the peptide-peptide, peptide-lipid, and lipid-lipid
interactions upon peptide binding were analyzed and characterized in terms of their
thermodynamic behavior. They reported that association of WALP23 peptides is favored by
more than 20 kJ/mol, without any free energy barrier separating associated and dissociated
states.18 In a more systematic study by de Jong et al.2%, the dimerization of amino acid side-
chain pairs was simulated using different force fields in water, n-octanol, and decane as
mimics of lipid membranes. The general features of favoring association of polar
compounds and disfavoring association of hydrophobic compounds in decane and octanol
were reproduced but it remains unclear how their results transfer to actual lipid bilayer
environments.

In order to better understand amino acid interactions in lipid bilayers, this work describes the
association of pairs of four amino acid analogs, acetamide (Asn), methanol (Ser), toluene
(Phe), and propane (Val) in DPPC bilayers from extensive biased-sampling all-atom
computer simulations. The results provide association free energy profiles and detailed
insight into the coupling between inserted amino acid pairs and membrane deformations.
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Furthermore, the energy profiles were compared with common implicit solvent models30-32
to assess their ability to reproduce amino acid interactions within the membrane.

Materials and Methods

Pairs of four amino acid analogs were considered in this study: toluene-toluene, acetamide-
acetamide, methanol-methanol, and propane-propane (Fig. S1). Molecular dynamics
umbrella sampling simulations were used to study the interactions among each pair at
different positions along the bilayer normal: z=0, 4, 8, 12, 16, 20, 24 A. The center of mass
was restrained to the respective z values using a harmonic potential function with a force
constant of 50 kcal/mol/A2. The center of mass distance between the analogs was then
varied from 3 A to 15 A with increments of 0.5 A. At each distance, umbrella sampling was
carried out33 using a force constant of 5 kcal/mol/AZ to maintain the respective distances.
Initial systems were set up by placing the pair of molecules inside two spheres that were
created inside the membrane at different values of z. Two sets of umbrella sampling
simulations were carried out. In one set (called forward sampling), the amino acid analogs
were initially equilibrated at a distance of 5 A, and then after 2 ns simulation, the pair
distance was decreased to 4.5, 4, 3.5 and 3 A as well as increased t0 5.5, 6, 6.5 ... 15 A in
subsequent simulations. In the second set (called backward sampling), the pair was initially
equilibrated for 2 ns at a distance of 15 A and then pulled to increasingly shorter distances
upto 3 A.

Explicit Solvent Simulations

A membrane bilayer consisting of 288 DPPC molecules was constructed and enclosed in a
periodic box with a fixed lateral size of 95.24 A x 95.24 A. The non-bonded interactions
were cut off at distance of 10 A (with a switching function beginning at 8.5 A), and for long
range electrostatic interactions particle-mesh Ewald (PME) with a grid spacing of 1 A was
used. The simulations were performed using the NAMD molecular dynamics package34,
under NPAT conditions using Langevin dynamics with a temperature of 323 K, and a
constant normal pressure of 1 bar. A time step of 2 fs was used in conjunction with SHAKE.
The CHARMM36 force field3® was used to model the lipids, the CHARMM General force
field (CGenFF)36 for the amino acid analogs, and the TIP3 water model3” was used.

Initial configurations were minimized for 500 steps and then heated and equilibrated to
temperatures of 20 K, 100 K, 250 K and 323 K for 2 ps, 2 ps, 2 ps, and 10 ps, respectively
under the restraining potentials with respect to the pair distance and the z position of the
pair. The overall center of mass of the lipids was also restrained to zero using a force
constant of 100 kcal/mol/A2. Subsequent umbrella runs were started from the previous 2 ns
production run, and equilibrated and heated to 100 K, 250 K, and 323 K with their
corresponding umbrella potential.

The first 2 ns of each simulation was discarded, and the rest of the data was used for
calculating PMFs. To assess convergence, the root mean squared deviations (RMSD)
between the potentials of mean force (PMF) at a given distance were compared between the
forward and backward sets. Simulations were initially carried out for 6 ns per umbrella and
continued in both sets until an RMSD value of less than 0.2 kcal/mol was achieved (see
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Figure S2). For some umbrellas this required as much as 200 ns with explicit solvent and
lipids (see Table S1). Generally, polar compounds required more sampling because of
coupling with membrane deformations as discussed below. The total simulation time for
acetamide and methanol pairs were 10.4 ps and 8.0 ps, respectively, whereas for toluene and
propane the aggregate simulation times were 6.8 us and 2.1 ps. Weighted histogram analysis
method (WHAM)38 was used to generate a composite unbiased PMF from the individual
umbrellas along the entire range of pair distances. Finally, the effect of transforming the
Cartesian coordinate into a pair distance reaction coordinate was corrected by subtracting
the Jacobian contribution as described by Kim and Im?°,

Implicit Solvent Simulations

Three implicit solvent models were considered in this study, HDGB, GBSW, and IMML1, the
implicit membrane extension of EEF1. The implicit solvent simulations were run using
CHARMM?3? following the same umbrella sampling protocol as with the explicit lipids and
solvent but with a shorter time of 1.5 ns per umbrella that was sufficient to satisfy the
convergence criterion. All the initial systems underwent 50 steepest descent energy
minimization steps followed by 500 adopted basis Newton Raphson method. Then the
systems were heated to 100 K, 200 K, and 323 K for 500 MD steps. The production runs
were performed for 1.5 ns in each direction. For HDGB simulations, the dielectric and non-
polar profiles along the Z axis were adopted from Sayadi et al.19 (also shown in table S2). A
scaling factor of 0.015 kcal/mol/A2 was used to obtain non-polar solvation free energies
proportional to the solvent-accessible surface area (SASA).40 For GBSW simulations, the
implicit membrane thickness was set to 28 A, a switching length of 2.5 A was used and the
non-polar scaling factor was set to 0.030 kcal/mol/ A2. In the case of IMM1 model, a
membrane thickness of 28 A was used as well. For IMM1, the amino acid analog parameters
were directly adopted from their corresponding amino acids in the EEF1 model without
further modifications. With the given parameters, all three implicit solvent models are meant
to approximate the energetics of a DPPC bilayer.

Bilayer Deformation Simulation

For certain separation distances and certain values of z, membrane bilayer deformations
were observed with acetamide and methanol pairs (see results section). In most cases,
forward and backward umbrellas exhibited the same behavior (deformed or undeformed
membrane), but in a few cases bistable behavior was observed where forward and backward
sampling did not converge to the same state and where the membrane was deformed in one
case but not the other. In order to be able to generate a complete free energy profile we
carried out additional umbrella biasing simulations at a fixed distance and z value but
varying the degree of bilayer deformation.

To connect states with different degrees of membrane deformation we employed a recently
introduced density-biasing approach®!. In this method, an imaginary cylinder is placed along
the bilayer normal axis. A volume function V is defined with two independent radial and
axial components with a value of 1 inside the cylinder that is smoothly switched to zero to
points outside the cylinder. The integral of the volume function over all water molecules
gives the number of water molecules within the volume, which once normalized by the
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cylinder volume, is used as the reaction coordinate where low water density corresponds to
an undeformed bilayer and high water density indicates deformation. In this case, a cylinder
with radius 8 A was used, spanning from z=-2.5 to z=15 A, with the switching region set to
1and 5 A in radial and axial directions, respectively. Umbrella sampling was then used to
vary the water density in the cylinder from 0.0011 A=3 to 0.0171 A=3 over eight umbrella
windows with a force constant of 1,225,000 kcal/mol/A~8. Due to convergence issues, the
number of umbrellas was increased to 16 for methanol at z=4 A. An additional restraint was
applied to the phosphates of the lower leaflet if their distance to the bilayer center became
less than 8 A in order to prevent deformation of the lower leaflet. Density biased molecular
dynamics simulations were carried out for 48 ns for each umbrella. The water-density
biasing simulations were combined with the distance-based umbrella simulations to generate
2D PMFs as a function of the pair distance (£) and water density (p) using WHAM38, Final
1D PMF profiles as a function of the pair distance (€) were obtained by Boltzmann
averaging according to Eq. 1

AG'(§)= —k,Tlog <exp (—%>> (1)

Results and Discussion

Results from extensive biased molecular dynamics simulations are presented that describe
the pairwise interactions between acetamide, methanol, toluene, and propane pairs at
different distances from the center of a lipid bilayer. Although the main focus of this study is
on the amino acid interactions within lipid bilayers, we observed significant coupling with
the lipid bilayer structure, which will be described first before continuing to amino acid
association energetics and structural details.

Membrane Deformations

Because none of the compounds are charged, we initially assumed that membrane
deformations would be modest and limited to cases where the analogs are near the
membrane surface. However, we found significant membrane deformations even for deeply
inserted acetamide and methanol pairs as shown in Figure 1. In the case of acetamide, deep
deformations of the bilayer are observed consistently at z=4 A and z=8 A. When the
acetamide pair is at the center (z=0), deformations are observed in some of the umbrellas
and only at some pair distances suggesting a bi-stable scenario where deformed and
undeformed membrane states are favorable but separated by a kinetic barrier. Methanol pairs
also result in membrane deformations at z=4 A and z=8 A but not at z=0. At z=4 A, the
sampling is again bi-stable with all of the backward sampling umbrellas showing a deformed
membrane while the membrane is deformed only at three pair distances in the forward
sampling umbrellas. The non-polar compounds toluene and propane do not lead to water
insertion when inserted deeply but when fixed at z=16 A and z=20 A the bilayer expands to
accommodate the hydrophobic pairs. The membrane deformation largely disappears when
the pairs are placed even further away from the center at z=24 A.
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In order to further understand the bi-stable membrane deformation states for acetamide and
methanol, we carried out additional density-biasing umbrella sampling simulations along the
deformation reaction coordinate for acetamide and methanol pairs at z=0 and z=4 A and at
short pairwise distances where the bi-stable behavior was observed. The results are shown in
Figure 2. In both cases, two states are found, separated by a kinetic barrier. In the case of
acetamide, the undeformed membrane appears more favorable than deformed bilayer at z=0
A; for methanol the deformed membrane appears to be slightly more favorable when the
pair is placed at z=4 A. Water density biasing simulations were also carried out for
additional pair distances of 5 and 6 A for acetamide in order to be able to connect the
forward and backward umbrella sampling sets (see below).

Free Energy Profiles

A main goal of this study is to obtain free energy profiles for amino acid side chain analog
association within lipid bilayer environments. Umbrella sampling along the pair distance
reaction coordinate was carried out at different membrane insertion depths and a comparison
between forward and backward sampling umbrella runs was used to assess satisfactory
convergence. As shown in Figure S2, convergence, defined as an RMSD of less than 0.2
kcal/mol between forward and backward runs, was achieved for almost all windows except
for acetamide and methanol at certain short distances and deep membrane insertions. These
cases correspond to the bi-stable membrane deformation scenario described above where
both deformed and undeformed membranes are favorable but transitions between the two
states are not sampled in the pair distance umbrella simulations. The additional water-
density biasing simulations described above provide access to that transition and a
combination of the pair distance umbrella runs with the water-density umbrella runs was
necessary to obtain a complete energetic picture. In order to do so, two-dimensional PMFs
as a function of pairwise distance and water density were constructed from the combined
sampling (see Fig. S3 and S4) and then integrated using Boltzmann averaging along the
density reaction coordinate to obtain correct one-dimensional PMFs as a function of the pair
distance. When compared to the naive case where the pair distance umbrella runs are simply
combined without considering that in fact disconnected states are sampled, the corrected
PMFs differ by 0.25-0.5 kcal/mol (see Fig. S3 and S4). For other pairs, distances, and
membrane insertions, such a correction was not necessary because forward and backward
sampling umbrella appear to have reached convergence.

The complete association energy profiles as a function of pair distance and membrane
insertion are presented in Figures 3A, 4A, 5A, and 6A. These profiles include the corrected
PMF profiles for acetamide at z=0 A and for methanol at z=4 A. We note that because the
pairs were fixed at certain insertion depths the present simulations do not provide
information about the relative free energies along the z direction. Instead, the PMFs are
combined so that the contact pair has the same free energy at all values of z. Information
about membrane insertion free energies is available from previous studies while adequate
sampling of membrane insertion along with separation within the membrane would have
greatly increased the need for additional sampling beyond what we can accomplish with the
resources available to us. Overall, the free energy analysis confirms what would be expected
qualitatively: both acetamide and methanol have a deep minimum when forming a contact
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pair inside the membrane but separating the pair becomes increasingly favorable towards the
edge of the bilayer where the polar molecules can interact with water rather than with each
other. At z=0 A the acetamide pair is stabilized by as much as 3.20 kcal/mol while the
methanol pair is stabilized by about 2.16 kcal/mol. Toluene and propane pairs on the other
hand are weakly favoring association in the membrane while show stronger association at
the edge of the bilayer as would be expected for hydrophobic compounds. For all
compounds there is a ‘desolvation’ peak immediately after separating the contact pair with
an energetic penalty of 0.5 to 1 kcal/mol.

The pair binding free energies obtained from the PMF profiles as the difference between the
free energy at the contact pair and at the greatest pair distance considered here can be
compared to previous results for pair formation in different solvents by de Jong et al?® with
GROMOS*2 and OPLS*3 force fields (Table 1). More specifically, we compare our results
at z=0, 12, and 24 A insertion depths to the values obtained in decane, octanol and water,
respectively. Overall, the agreement is good especially if one considers differences in force
fields, the oversimplification of using decane and octanol as mimics of lipid bilayer
environments, and the missing contribution due to membrane deformations with the simple
hydrophobic solvents. However, taking the data at face value, it appears that the agreement
with the OPLS results is better while GROMOS may be overestimating contact pair
formation in decane except for propane.

Contact Pair Formation of Polar Compounds

Closer inspection of the conformations of the polar side-chain pairs (acetamide and
methanol) indicate a conformational bias at the bound state as a function of the presence or
absence of water molecules around the pair, while conformational analysis of the
hydrophobic compounds, on the other hand, did not reveal any noticeable difference along
the bilayer normal. We refer to the bound state as the closest pair distance where the
association profile is still favorable, while the longest pair distance is referred to as the free
state. We observed that relative population of different conformations of acetamide and
methanol pairs at the bound state are directly related to the number of hydrogen bonds they
form with water molecules. By clustering acetamide pair conformations at the local
minimum of the free energy profiles (d=4 A), we distinguished three different conformations
that could form 0, 1 and 2 hydrogen bonds within the pair. Figure 7 shows the relative
population of conformations that form two or one hydrogen bond, as a function of the
distance from the bilayer center. At z=0, no hydrogen bond is formed with water molecules
because the membrane is not deformed, and as a result the percentage of conformations
forming two hydrogen bonds within the pair is 25%. This value decreases as the pair moves
to z=4 A, due to membrane deformation that allow the formation of hydrogen bonds with
water.

Methanol shows a shift in the contact pair distance from 3.5 A for z values below 10 A to a
distance of 4.5 A for z values above 12 A (see Fig. 4A). The corresponding conformations
are shown in Figure 8. At deeper insertion depths the methyl groups are exposed to the
hydrophobic environment while self-interactions between the two hydroxyl groups are
maximized, leading to a shorter center of mass distance. On the other hand, at shallower
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insertion depths, the hydroxyl groups is exposed to the environment while the methyl groups
interact with each other so that they are shielded from the more polar environment.

Comparison with Implicit Membrane Models

The data presented here is especially useful for parameterizing simplified models of
membrane environment. Implicit membrane models have been previously parameterized
using amino acid side chain insertion free energies but so far little attention has been paid to
how well implicit membrane models can capture interactions of solutes within the
membrane. Figures 3—6 compare the association free energy PMFs for acetamide, methanol,
toluene, and propane with HDGB, GBSW, and IMML1 to the explicit solvent results. Note,
that the insertion profiles given by MacCallum et al.22 show that the most favorable region
along bilayer normal for acetamide and methanol is around z=12 A, while toluene and
propane favor the bilayer center. Very qualitatively, the main trends are more or less
reproduced, but, in detail, there are quite significant differences. For example, GBSW
overestimates the binding free energy of acetamide in the membrane. In the case of
methanol, both HDGB and IMM1 do not find a significant favorable binding energy at z=0,
only GBSW captures the explicit lipid trend correctly. HDGB and GBSW do capture the
shift from favoring the hydroxyl-interacting close distance contact pairs at deep insertion to
the methyl-interacting longer contact pair beyond 10-12 A while IMM1 does not. For the
non-polar compounds the differences are less dramatic but nevertheless significant when
compared to the explicit lipid simulations. For example, GBSW shows little variation as a
function of z while HDGB appears to overemphasize the attraction of hydrophobic pairs
near the aqueous phase.

Based on the new data from this study we attempted to improve the parameterization of the
HDGB model that was previously developed in our group. Specifically, we adjusted the
dielectric profile as well as the overall scaling factor y for the non-polar contribution to
improve agreement with the pair distance free energies within the membrane while
maintaining good agreement with membrane insertion free energies of single amino acid
side chain analogs. The overall scaling factor was set to 0.02 kcal/mol/AZ2. The optimized
dielectric profile is given in Table S2 along with the (unmodified) non-polar profile. Figure
9 focuses on the distance profiles at z=0 and z=12 A for the four analog pairs with the
original and improved HDGB model. As can be seen, it is possible to significantly improve
the agreement between the implicit membrane model and the explicit lipid results. At the
same time, amino acid insertion profiles for 14 amino acid side-chain analogs are in similar
agreement with results from explicit simulation?? and experimental measurements## as for
the previous HDGB parameterization (see Fig. S5). Nevertheless, with the modified
parameters, the association free energy is now overestimated for acetamide at z=0 while
dissociated toluene is still not favorable enough, especially for z=12 A. The use of an
implicit model that would allow membrane deformations such as the DHDGB model® that
may improve the agreement with the explicit lipid results. Another possibility is the
inclusion of implicit van der Waals interactions that are expected to become more important
in the membrane environment as the role of electrostatics decreases due to the hydrophobic
environment.
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Conclusions

In this study, we are presenting a detailed energetic and structural analysis of amino acid
side chain analog interactions within lipid bilayer environments which has received little
attention in previous studies. Qualitatively, we confirm expected trends of polar compounds
associating strongly inside lipid bilayers compared to hydrophobic compounds.
Furthermore, we present detailed quantitative data about the energetics of pair formation at
different membrane insertion depths that required a careful analysis of the coupling between
amino acid pair interactions and membrane deformations.

The presented data is especially useful for the validation and parameterization of simplified
membrane models. We show that established implicit membrane models have difficulties to
reproduce the association energetics described here. However, it was possible to improve the
HDGB model to better reproduce the new data from this study while maintaining good
insertion free energy profiles. In future studies we will aim to further improve the implicit
membrane model by considering membrane deformations and implicit van der Waals terms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Potentials of mean force as a function of water density to reflect membrane deformation. A:

acetamide pair at z=0 and d=5.5 A; B: methanol pair at z=0 and d=4.5 A.
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Figure 3.
Potential of mean force for acetamide as a function of pair distance at different insertion

depth into the lipid bilayer from simulations with A) explicit solvent and lipids B) HDGB
implicit membrane C) GBSW implicit membrane and D) IMM1 implicit membrane models;
For each insertion depth, the bound state was used as the reference with an energy of zero.
The white bars indicate a lack of sampling overlap along the z direction.
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Figure4.
PMF of methanol as in Fig. 3.

J Phys Chem B. Author manuscript; available in PMC 2016 February 19.

8

10 12 14



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

4 6 8 10 12 14 4 6
Pair Distance (A)

Figure5.
PMF of toluene as in Fig. 3.
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Figure6.
PMF of propane as in Fig. 3.
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Conformational analysis of acetamide pair at the bound state; A) average hydrogen bonds
formed between acetamide pair and water molecules as a function of bilayer normal
distance, B) fraction of conformations that form one intra-pair hydrogen bond, C) fraction of
conformations forming two intra-pair hydrogen bonds; The results of explicit (blue), HDGB

(red), GBSW (green), and IMML1 (purple) are compared.
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Figure8.
Two representative bound conformation for methanol pair resulting in a different binding

distance.
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PMF profiles for acetamide, methanol, toluene, and propane at Z=0 and Z=12 as a function
of the pair distance obtained from explicit, HDGB, GBSW, and EEF1 models
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