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Abstract

The Heterogeneous Dielectric Generalized Born (HDGB) implicit membrane formalism is
extended by the addition of a van der Waals dispersion term to better describe the nonpolar
components of the free energy of solvation. The new model, termed HDGBvdW, improves the
energy estimates in the hydrophobic interior of the membrane, where polar and charged species
are rarely found and non-polar interactions become significant. The implicit van der Waals term
for the membrane environment extends the model from Gallicchio et al. (J. Comp. Chem. (2004)
25, 479-499) by combining separate contributions from each of the membrane components. The
HDGBvdW model is validated with a series of test cases ranging from membrane insertion and
pair association profiles of amino acid side chain analogs and transmembrane helices. Overall, the
HDGBvdW model leads to increased agreement with explicit membrane simulation results and
experimental data.

Graphical abstract

HDGBv3

Distance

The implicit membrane model of Heterogeneous Dielectric Generalized Born with a van der Waals
term (HDGBvdW) is introduced with an additional dispersion term. The new modification of the
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model provides a more accurate description of the total nonpolar free energy, which consists of
repulsive and attractive components. This novel description of the implicit model improved the
agreement of the free energy of association of transmembrane helix dimers in significant amount.

Keywords
Implicit membrane model; generalized Born formalism; transmembrane helix dimers

INTRODUCTION

During the last decades, with the increase in computer power and development of efficient
computational methods, computer simulations have become an important tool for
investigating the dynamics, structure and energetics of biological systems.12 Although
increasingly larger systems and longer time scales have become accessible, there is still a
significant challenge to simulate systems where conformational sampling is hindered by
slow kinetics. Lipid membranes are one example where very slow relaxation of the lipids
makes it difficult for simulations to converge.3# Consequently, explicit atomistic
representations of membranes that provide the most reliable and accurate description of such
systems, often incur very high computational costs for obtaining meaningful insights. In
addition, the high degree of complexity of membrane systems complicates the initial setup
and equilibration when studying the interaction of biological macromolecules with
membranes.>8

Mean field treatments of solvent environments can circumvent such issues.%18 In such
implicit solvent models solvent relaxation is effectively instantaneous. Often, the Poisson-
Boltzmann (PB) theory is invoked as a starting point where the solvent environment is
described as a dielectric continuum.®:16-18 The numerical solution of the PB equation then
yields the electrostatic free energy of solvation for a given solute molecule.1®-21 Although
solvation free energies based on the PB equation are often in good agreement with
experiments,20-23 a direct application during molecular dynamics simulations remains as a
challenge due to relatively high computational costs and difficulties with obtaining smooth
derivatives when solving the PB equation.24-27 As an alternative, the generalized Born (GB)
formalism has been developed, 28 providing an approximation of the electrostatic free energy
of solvation via a pairwise additive analytical term. With proper parameterization, the GB
formalism can closely reproduce solvation free energies obtained from PB theory with only
little loss of accuracy.132429 The GB method has enabled many successful applications in a
variety of systems.30-34

Implicit models of membranes require a heterogeneous description of the environment.
Both, PB35-37 and GB methods38-42 have been extended to membrane systems by applying
different dielectric constants to membrane and water environments. Simple models assume a
two-layer dielectric system where the interior of the membrane has a low dielectric constant
and the lipid head group region and water have the same dielectric constant of water,38-41
Even simpler models treat the membrane as an extension of the solute cavity (for which
usually e=1 is assumed in the context of simulations). A more detailed approach developed
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by us in the Heterogeneous Dielectric Generalized Born (HDGB) model*2 allows for a
dielectric profile along the membrane normal that can be tuned to match experimental data
and membrane insertion energetics obtained from explicit lipid bilayer simulations. The
HDGB model has been applied successfully to study the energetics and dynamics of various
membrane-interacting systems with good agreement with Poisson-Boltzmann calculations?#2,
explicit membrane simulations*2-44 and experimental data.4-47

Commonly, the electrostatic GB term is complemented with a non-polar term based on the
solvent accessible surface area (SASA).28:48:49 |n the HDGB model, the SASA-term is
scaled as a function of membrane insertion to reflect a much reduced cost of cavity
formation in the membrane interior.2848:49 Some studies on free energy of association for
small molecules®® and peptides®! revealed that a simple SASA term may be problematic for
fully capturing the total non-polar solvation free energy. A more accurate treatment of the
non-polar solvation free energy that accounts for both repulsive and attractive terms
combines the SASA-based cost of cavity formation with an implicit van der Waals term.
Previously, an implicit model of the dispersion term in aqueous solvent has been introduced
by Gallicchio et a/52:3, In this model, the van der Waals contribution to the free energy is
estimated as its enthalpic component obtained via integration of the attractive part of the
Lennard-Jones potential. 523 The addition of the van der Waals term was found to increase
the accuracy of the hydration free energy predictions of small molecules.>3

In the hydrophobic membrane interior, the lack of polar and charged molecular species and a
much reduced cost of cavity formation renders van der Waals contributions to the solvation
free energies an important factor that has so far been neglected in implicit membrane
models. An accurate treatment of non-polar contributions to the solvation free energy is
assumed to be especially important for correctly capturing the energetics of lateral
interactions of membrane-embedded molecules such as transmembrane helix associations.
Here, we are describing the extension of the HDGB model with an implicit van der Waals
term that extends the formalism developed by Gallichio et a/°2 to the membrane
environment. The resulting HDGBvdW model was parameterized based on membrane
insertion profiles and lateral association profiles of amino acid analogs derived from explicit
membrane simulations. The model was then tested by comparing transmembrane helix
association structures and energetics for selected systems with explicit lipid simulations and
experimental data. We generally find that the HDGBvdW model significantly improves the
energetics of interactions within the membrane. In the following the HDGBvdW model, the
optimization protocol, and simulation details are described in detail before the model
parameterization and validation test results are presented and discussed.

HDGBvdW MODEL

The Heterogeneous Dielectric Generalized Born (HDGB) model describes membrane
environments implicitly by decomposing the solvation free energy as the sum of polar and
non-polar components:

AGSOIL’ = AGelec + Aan (1)
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Electrostatic Solvation Free Energy

The polar term, 4G, describes the electrostatic solvation free energy using the GB
formalism that was modified for the membrane environment38:42:

AGeee = —166) > (1 — __(1' _)) qiq;
=1i=1 A \/712] + ai(gi)aj(sj)exp[—7‘%/Fai(€i)aj(gj)}

@

where gjjis the local dielectric constant, g;is the atomic charge of the atom / 7;;is the
distance between atoms /7and /, a;is the Born radius for the atom / and Fis a dimensionless
parameter taken as 4. With charges in electron charge units and distances in A, the resulting
energy is calculated in units of kcal/mol. To calculate ; a dielectric profile is used that
switches between the high dielectric water environment and membrane head group region to
the low dielectric membrane interior. The dielectric profile was initially motivated by the
solvation free energies experienced by a spherical probe traversing a dielectric layer model
of the membrane environment*2 and subsequently optimized to reproduce membrane
insertion free energy profiles of amino acid analogs.*

Since the HDGB model was introduced, the dielectric profile was optimized twice. The
HDGB model using the most recently updated dielectric profile3 will be termed HDGBv3
in the remainder of this paper. The dielectric profile from HDGBV3 was used unchanged in
this study.

Non-polar Solvation Free Energy

In the HDGB model, the non-polar term consists of a cavity term that is calculated based on
the solvent accessible surface area model according to:

N
AGcavity = ZSASAZ’)/S (Z)
i=1 3)

where SASA; is the solvent accessible surface area for the solute atom /, S(z) is the non-
polar profile ranging from zero in the membrane center to one in the water phase scaled
overall by the surface tension parameter y.

The HDGBvdW model introduced here, splits the non-polar term into separate contributions
from the cost of cavity formation and van der Waals dispersion forces:

Aan = AGcamty + AGudw (4)
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Because a dispersion term is added here to the cavity term, a modified non-polar profile and
a different value for ; are used here compared to the HDGBv3 model.

The dispersion term is obtained following the formalism proposed by Gallicchio er a/.>2 by
decomposing the Lennard-Jones potential into the attractive and repulsive terms using the
Weeks-Chandler-Andersen (WCA) scheme.?* In this scheme the repulsive term is described
by Eq. 3, while the attractive term is calculated by integrating the attractive part of the
Lennard Jones potential as in Eq. 5 under the assumption that the resulting enthalpic term
approximates the free energy:55-58

N
AC;vdu) = prcifdr(r - Ti)76
i ()

where Nis the total number of the solute atoms, Cjis an atomic constant, 7;is the position of
the atom 7and p,, is number density of water. In later work by Gallicchio e al.,52 the volume
integral in Eq. 5 was further approximated using Born radii as follows:

A
; (i + Ru)’ (5

where the index 7is used for the solute atoms, &;is a dimensionless fitting parameter, a;is
the Born radius of solute atoms, and R, is the radius of the water probe and A; is defined as:
16

_ 6
A = - = TPwEiw0 jy

3 U]

where p,, is the number density of water molecules, o, and e, are Lennard-Jones
parameters between water oxygens and solute atoms that are calculated from the force field
as:

o, + Oy
ciw = VEE, Ow = <f> @

The formalism developed by Gallicchio et a/. applies to a homogeneous solvent
environment. Here, we are introducing an extension for a heterogeneous environment where
the dispersion term varies along the membrane normal zand the contributions from different
atom types in the membrane forming lipid environment are taken into account. We consider
four different atom types for lipid atoms (hydrogen atoms, oxygen atoms, acyl chain
carbons, and carbons in the glycerol backbone and the head group, see Fig. 1) and one
additional type for water oxygens. Eq. 6 is then modified to involve an additional summation
over solvent types:
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N M
A

AGuw = Zza &

i J i + Ry 9)

where the index /refers to solute atoms, Ais the total number of solute atoms, s refers to
solvent atom types, and M is the total number of the solvent atom types (five in our model).

The variation as a function of zis introduced in A; ;via the variation of atom type densities
pj(z) along the membrane normal:

16
Aij(z) = - ?ij(z)gija?j (10)

with the Lennard-Jones parameters oj;and ej7again taken from the force field. The
CHARMM ¢36 lipid force field>® was used for the phospholipids based on a di-palmitoyl
phosphatidylcholine (DPPC) model and TIP3P® parameters were used for the water model.
Because CHARMM distinguishes more atom types for lipids than the four types we are
considering here, we averaged Lennard-Jones parameters for all atoms of a given type /
according to:

Nj Nj
SJ‘ = ZEZ‘/N]‘, o; = ZO’Z*/N]‘
i=1 i=1 (11)

where Ajis the number of bilayer atoms of atom type /. The resulting e;and ojvalues for
each lipid atom type are summarized in Table 1.

We note that there are several assumptions made here: First, the step from Eq. 5 to Eg. 6
assumes that the inverse cubed Born radii can substitute for the integral over 2//%. To validate
this assumption for our model, we compared atomic van der Waals energies in the WALP23
model peptide obtained via grid-based numerical calculation of the integral in Eq. 5 and by
using Born radii either from GBMV in water or HDGB in the membrane. We found
correlation coefficients of 0.96 and 0.84 with slopes of 1.1 and 0.9 in the water and
membrane environments, respectively. This suggests that using the Born radii as suggested
by Gallicchio et al. is reasonable for the membrane context as well although a future version
of our model may use a direct estimate of the integral over 1// instead of the Born radii.
Second, Egs. 5 and 6 are formulated for a spherical distribution of solvent species, which is
clearly not true in the case of membrane bilayers. However, the overall density of atoms is
similar in the bilayer and aqueous solvent and we assume that the summation over different
atom types according to Eq. 9 using the different density profiles and a spherical model is
approximately equivalent to carrying out the integral in Eq. 5 over the actual distribution of
different atom types in space. We confirmed that this assumption is largely valid for the
WALP23 model peptide. Third, we assume that equating enthalpy with free energy in Eq. 5
is not a worse approximation for the membrane system than in aqueous water. We believe
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that the empirical fitting parameters &;at least partially compensate for potential under- or
over-estimations but to fully test these assumptions, more accurate reference data, such as
high-accuracy van der Waals components of membrane insertion free energies would be
needed.

Software Implementation

The heterogeneous dielectric generalized Born model with a van der Waals term
(HDGBvdW) was implemented in CHARMM version c41a2.%1 It is expected to be available
in future general release versions of CHARMM.

MODEL PARAMETERIZATION

The implementation of Egs 9 and 10 requires density profiles p;(z), exclusion radii ~;for
each solvent atom type, and fitting parameters a; for each solute atom type. Furthermore,
because the non-polar contribution is split into two terms, the non-polar profile used in the
SASA-dependent term as well as the value for the overall surface tension coefficient y need
to be re-optimized from the values used before in HDGBV3. The dielectric profile was not
changed from the HDGBv3 model.

Solvent Density Profiles

The solvent density profiles for each atom type, pj(z), used in Eq. 10 were derived from
radial distribution functions extracted from a fully explicit lipid/solvent DPPC membrane
simulations. In order to check for possible differences in the density profiles with and
without a membrane protein embedded into the bilayer, two different explicit membrane
systems were simulated. One system consisted of a pure DPPC bilayer and the other of a
DPPC bilayer with the DsbB transmembrane helix inserted into the bilayer. After the
simulations of the bilayers, the systems were divided into 1 A-thick slabs perpendicular to
the membrane normal. In each slab, radial distribution functions were averaged for each
atom type. For the bilayer-only system, radial distribution functions between each atom type
and water molecules are calculated, whereas for the bilayer-peptide system, radial
distribution functions are calculated between each atom type and the peptide surface. The
resulting radial distribution functions for the bilayer-only and bilayer-peptide systems are
shown in Fig. S1. In the presence of the peptide, the radial distribution functions have to
renormalized to account for the reduced number of lipids because of the presence of the
peptide using the following formula:

Nbilayerfonly

= g(r)bilayerfonly

g(r)bilayerfpe}ﬁide Nbi[ayerfpeptide (12)

In order to generate density profiles for each atom type, the average value of the radial
distribution function for radial distances between 2 and 6 A was calculated for each slab for
the bilayer-only and the bilayer-peptide systems. The total average density profile for the
bilayer-only system shows that the total number density is almost constant across the
membrane bilayer with about 0.11 atoms/A3 in the bilayer vs. 0.10 atoms/A3 in the water
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phase. There is little difference between the profiles derived from the bilayer-only and
bilayer-peptide systems for the atom type-specific profiles. In order to use these density
profiles in Eq. 10, high-order (5-7) polynomial equations were fitted to obtain smooth,
differentiable curves (see Fig. 2). The resulting smoothed curves where then spline-
interpolated during simulations with the HDGBvdW model.

Exclusion Radii

The exclusion radii Rj in Eq. 9 represent an offset to account for the minimum distance
between lipid atoms of a given type and the solute atoms. The radius for a water molecule
was taken as 1.4 A, corresponding to its size. For the lipid atom types, the radial distribution
functions, shown in Fig. S1 were used to obtain the offset values. The minimum distance,
where the radial distribution function is non-zero was taken as the offset value for the lipid
atom types. The resulting exclusion radii are reported in Table 1.

Optimization of Solute Atom Fitting Parameters and Cavity Terms Based on Insertion

Profiles

The fitting parameters for solute atom types (a)) in Eq. 9, the non-polar profile S(z)and the
surface tension y in Eq. 3 were determined together via an iterative protocol (cf. Fig. S2) to
optimize the agreement for amino acid side chain insertion profiles between implicit and
explicit solvent using reference data from the Tieleman group52:63, Initially, a;values for
each atom type of the amino acids were set to one and subsequently varied using a Monte
Carlo protocol to decrease the root mean square deviation (RMSD) between calculated
insertion profiles and the target explicit solvent profiles. For each set of a;, the cavity term
was initially set to zero and an optimal profile and value of » was determined by setting
¥S(z) to the inverted average of the difference between the implicit and explicit profiles.
Therefore, only the a;values were true fitting parameters in this protocol.

Final Optimization Based on Intra-Membrane Association Profiles

AGhbeid = AGeec + AwAG,, + [)\SASA (AGSASAvdw - AGSASAUB) + AG

The model with the parameters optimized as described above gave optimal agreement for the
amino acid sidechain analog insertion free energy profiles but was not optimal in
reproducing association free energies of selected pairs of amino acid side chain analogs
(acetamide, methanol, toluene, propane) from explicit lipid simulations*3 compared to the
HDBGvV3 model. Hence, we tuned the model to better reproduce the amino acid association
profiles by considering the hybrid solvation free energy function given in Eq. 13:

(13)

with two scaling parameters Agasa and Ayqgw, that vary between 0 to 1 to interpolate
between the HDGBv3 model (1=0) and the initially parameterized van der Waals model
(A=1). AG gy is the van der Waals term initially optimized based on the insertion profiles
and 4Gsasayzand AGsasavay are the free energy contributions from cavity term for
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HDGBvV3 and the initial van der Waals model, respectively. The association free energies for
the four side chain analogs at =0 and 12 A were then calculated at different A parameters
with 0.1 intervals. The results were compared with the energy profiles from the explicit
simulation and differences were quantified in the form of RMSDs (see Fig. S3). The best
overall agreement for the association profiles was found for 1,4,y around 0.5, i.e. half of the
contribution from the initial parameterization that was based only on the insertion profiles.
Therefore, the previously determined fitting parameters a;in Eq. 9 were multiplied by 0.5.
The final values are given in Table 2.

As a final step, the non-polar profile of the cavity term was optimized once again using the
scaled van der Waals parameters by following the protocol described in Fig. S2 by setting
the SASA-based cavity term to optimally reproduce the insertion free energy profiles (see
above). The final non-polar profile is shown in Fig. 3 in comparison to the profile used in
HDGBV3. A surface tension (y) value of 0.031 kcal/molA? for scaling the non-polar profile
was found to be optimal. After this last parameterization step, the final optimized van der
Waals parameters (see Tables 1 and 2 and Fig. 2) and the non-polar profile (see Fig. 3) were
used as the HDGBvdW model (based on Egs. 2, 4, and 9-11) in the rest of this work.

SIMULATION METHODOLOGY
Explicit DPPC Bilayer Simulations for the HDGBvdW Parametrization

Explicit DPPC simulations with and without membrane protein were performed using the
CHARMM ¢36 force fields for proteins®4 and lipids®®. The starting structures were created
using the CHARMM-GUI interface5°66 and subsequent equilibration steps were conducted
following the CHARMM-GUI protocol. The bilayer-only system contained a total of 54
DPPC lipids and 2,372 water molecules, whereas the bilayer-peptide system consisted of 54
DPPC lipids in each leaflet and total of 6,185 water molecules. The DsbB peptide (PDB
code 2ZUQ)%7 was used for the bilayer-peptide system. The simulations were performed
under periodic boundary conditions. A Langevin thermostat was applied to keep the
temperature at 323.15 K using a 3 ps~1 friction coefficient for the heavy atoms. Bond lengths
involving hydrogen atoms were constrained using the SHAKE algorithm.®8 After
equilibration, a production run over 5 ns simulation time was performed for both, the
bilayer-only and the bilayer-peptide systems using CHARMM version c36al.

Membrane Insertion of Amino Acid Side Chain Analogs

Free energies of membrane insertion for amino acid analogs were calculated to optimize and
validate the HDGBvdW model. Initially, each amino acid analog was placed at the center of
the membrane (2=0). Then, the analogs were moved along zin 1 A intervals until z=30 A,
corresponding to bulk water outside the membrane. At each z point, the molecule was
rotated around x- and y-axes in 15° increments and free energies were calculated and
Boltzmann-averaged. OPLS force field parameters6%:70 were used for the amino acid side
chain analogs to compare with free energy profiles from previously calculated explicit
bilayer simulations®2:63 with the OPLS force field.
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Pair Association of Amino Acid Side Chain Analogs

Pair association free energies for selected amino acid side chain analog pairs were calculated
to further optimize and validate the HDGBvdW model. To obtain association free energies,
umbrella sampling”! was performed using the lateral distance between the two analogs as
the reaction coordinate. The z position of the center of mass of each analogs was restrained
to z=0 and z=12 for two sets of simulations with a force constant of 50 kcal/molA? using the
miscellaneous mean-field potential (MMFP) module. The distance was varied between 3 and
15 A'in 0.5 A increments, using MMFP in CHARMM with a force constant of 5 kcal/
molAZ2. For each umbrella, the systems were minimized over 50 steps of steepest descent
followed by 500 steps of adopted basis Newton-Raphson minimization. After minimization,
equilibration proceeded by stepwise heating to 100, 200 and 323 K (running molecular
dynamics for 500 steps at each temperature). Production runs were then performed at 323 K
for 1.5 ns in each window. The CHARMM General force field (CGenFF) parameters’2 were
used for the amino acid side chain analogs. No cutoff was used for electrostatic or Lennard-
Jones interactions and general HDGB parameters were set as described previously#3. The
simulations were performed using CHARMM version c41al via the Multiscale Modeling
Tools for Structural Biology (MMTSB) Tool Set’3. The time step was set to 1.5 fs and
SHAKE was applied to bonds involving hydrogens. A Langevin thermostat was applied to
maintain a constant temperature. The sampling in individual umbrellas was combined via
the PYMBAR software, a Python implementation of the multistate Bennett acceptance ratio
(MBAR) method,”# to obtain potential of mean force (PMF) profiles as a function of
separation distance. A Jacobian correction was applied to eliminate the entropy contribution
coming from the precession of the molecule around the membrane normal.”® The
association profiles from the implicit membrane simulations were compared with association
profiles obtained previously from explicit DPPC bilayer simulations.*3

Transmembrane Helix Association Energetics of pVNVV Peptide

The structure of the pVNVV peptide was taken from the PDB structure 2ZTA"® using
residues Leu5 to Gly31, following the work by Lee et al.’” The N- and C- terminals were
blocked using acetyl and amine groups, respectively. Simulations of a peptide dimer were
performed both with explicit and implicit bilayer representations. The explicit simulations
were prepared using CHARMM-GUI55.66 and performed using CHARMM c41al version.
The system contained two pVNVV peptides, 128 DPPC molecules and 4,713 water
molecules with a water layer of 10 A. Simulations were carried out in the NPT ensemble at
323 K and at 1 bar pressure using Nose-Hoover thermostat and barostats’879. CHARMM
¢36 force field parameters were used for lipids®® and peptides®* and the TIP3P model®® was
used to represent water molecules. Periodic boundaries were applied and electrostatic
interactions were obtained via the particle-mesh Ewald method80. A switching function
effective from 8 to 12 A was used for Lennard-Jones interactions and the direct part of long
range interactions. An integration time step of 2 fs was used in conjunction with the SHAKE
algorithm applied to bonds involving hydrogen atoms. The equilibration protocol followed
the suggested CHARMM-GUI protocol over a total of 3.7 ns simulation time. Subsequent
simulation over 100 ns was carried out to obtain a fully equilibrated system. An area per
lipid of 65.3 A2 and a bilayer width of 39.5 A were obtained, which are in good agreement
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with the experimental values of 64 A2 and 38.3 A 81 respectively and close to previous
simulation results with the same force field59.82,

To obtain association profiles, umbrella sampling was performed as a function of the helix-
helix distance. A total of 111 windows were run starting from a minimum helix-helix
minimum distance of 7 A increased in a stepwise fashion via 50 ps simulations at 0.125 A
increments to a final value of 20.75 A. To restrain the distance between the two helices, the
CONSHELIX module’”:83:84 jn CHARMM was utilized with a force constant of 400 kcal/
molAZ2. Each window was simulated for 25 ns, of which the last 15 ns were used for
analysis.

Simulations of the pVNVV dimer with the HDGBv3 and HDGBvdW models were carried
out using the same general protocol as described above for the association of amino acid
side chain analog pair association. Umbrella sampling was performed for 56 windows
between the distances of 7 and 20.75 A at 0.25 A increments. The CONSHELIX module
was also applied in the implicit simulations using a 20 kcal/molA?2 force constant. The Nose-
Hoover thermostat’8:7® was applied to keep the temperature at 323 K. Again, no cutoff was
applied for long range interactions. Simulations were run for 10 ns with a 1 fs time step in
each window. The last 6 ns were used for analysis.

The umbrella sampling was post-processed via the PYMBAR software’# in order to obtain
potentials of mean force as a function of helix separation.

Replica Exchange Molecular Dynamics Simulations of Peptide Dimers

Additional simulations were carried out to analyze peptide dimer association structures of
selected dimer pairs. Replica exchange molecular dynamics (REMD) simulations®°-86 were
performed on dimers of glycophorin A (GpA), Bnip3, and EphA1 peptides with the
HDGBvV3 and HDGBvdW models. The first models of the NMR structures with the PDB
codes of 1AFO,87 2J5D88 and 2K 1189 were used as the starting structures for GpA, Bnip3
and EphAL, respectively. The N and C terminals were blocked with acetyl and amine
groups, respectively. Two-dimensional distance-biased Hamiltonian/temperature REMD
simulations were performed, using the MMTSB Tool Set in combination with CHARMM.
G79, H173 and G554 were selected for the pairwise distance in GpA, Bnip3 and EphAl,
respectively. Peptide pairs were initially separated by 20 A and then the distance between
selected residues was varied between 4 and 15 A at 1 A intervals for GpA and EphA1. For
Bnip3 helices, distance between H173 residues was varied between 5 to 16 A at 1A intervals
to avoid possible clashes of H173 sidechains at a shorter distance. A temperature range of
300 and 400 K was divided into six temperatures. In total 72 replicas were simulated for 10
ns with a 1fs time step for each replica using both HDGBv3 and HDGBvdW and, again, the
first 4 ns were discarded and the rest were used for the analysis.

Molecular Dynamics Simulations of WALP23 Peptide

The helical WALP23 peptide was simulated using the HDGBv3 and HDGBvdW models to
compare the helix insertion angles. The peptide terminals were blocked with an acetyl group
at the C-terminus and an amide group at the N-terminus. Simulations were carried out using
the general protocol as described above. Starting from an initial orientation, where the
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peptide is centered at z=0 and oriented parallel to z 16 independent production runs were
performed, each over 20 ns. The first 4 ns were discarded and helix tilt angles relative to the
membrane normal z were analyzed.

We also calculated free energy profiles against tilt angles from umbrella sampling
simulations. Tilt angles with respect to z-axis were varied between 0 to 30° with 2° intervals
using a force constant of 200 kcal/(mol rad?). The CONSHELIX routine in CHARMM was
used to restraint the tilt angle. 10 ns simulations for each window were performed and the
first 4 ns were discarded during the analysis.

RESULTS AND DISCUSSION

We will begin by comparing the performance of HDGBvdW with HDGBV3 for the amino
acid side chain analog insertion and intra-membrane association profiles that were used as
training sets before discussing a number of test cases related to transmembrane helix
association and orientation.

Membrane Insertion Profiles of Amino Acid Side Chain Analogs

Association

Insertion free energy profiles of amino acid side chain analogs along the membrane normal
were calculated with the fully optimized HDGBvdW model. They are compared with
profiles from HDGBV3 and explicit membrane simulations62:63 in Fig. 4. Overall,
HDGBvdW results in similar profiles as with HDGBv3. There is similarly good, but slightly
improved agreement between the implicit and explicit membrane models. More specifically,
profiles for the amino acid analogs of Ser, Thr, Tyr and Trp were overall improved, whereas
the profiles for the GIn, Asn, lle, and Phe analogs became slightly better between 10-20 A
but slightly worse close to the membrane center. Since optimal reproduction of the insertion
profiles was used to adjust the non-polar profile and ) parameter in Eq. 3, the excellent
agreement is not surprising with the remaining deviations from the explicit lipid profiles
largely within the uncertainties of the insertion free energies from the explicit lipid
simulations except for Ala, Val, Asn and Trp, where the error bars are smaller and the
profiles with both implicit models are slightly outside the error range.52.63

Profiles of Amino Acid Side Chain Analogs

Interactions of selected amino acid analogs within the membrane at fixed insertion depths
were calculated via umbrella sampling using HDGBvdW and compared against HDGBv3
and previous results from explicit lipid simulations*3 (see Fig. 5). The explicit simulations
provide highly converged free energy profiles except acetamide, the Asn analog, at the
membrane center. For the acetamide at z=0, the error bars are larger, which makes the
comparison more difficult between HDGBvdW and HDGBv3. HDGBvdW gives an energy
profile within the errors while the HDGBv3 profile is slightly outside the error range.
Otherwise, HDGBvdW generally improves the agreement with the explicit profiles. Only
methanol and propane become slightly worse at z=0. Most striking is the significant
improvement for the hydrophobic compound toluene, the Phe analog. The improvement for
toluene highlights the importance of including an attractive implicit van der Waals term. In
the absence of significant electrostatic contributions to the solvation free energy, the cost of
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cavity term in the HDGBv3 model favors dimer association of the relatively large molecule
which leads to overestimation of the association free energy.

Closer inspection of Fig. 5 shows that at the membrane center, the free energy difference
between the contact and fully dissociated pairs with HDGBvdW is either at or below the
explicit lipid results while the (small) deviations at z=12 A are more even. The agreement
between HDGBvdW and the explicit profiles could, therefore, in principle be improved by
adjusting the non-polar profile and y so that the contribution from the cavity term becomes
slightly larger only near the membrane center. However, such a modification would
compromise the excellent agreement for the insertion free energies discussed above.

Remaining deviations between the implicit and explicit profiles involve a distinct peak
around 7 A that is analogous to the first solvation peak in aqueous solvent and that stems
from the discreteness of lipid molecules in the explicit lipid bilayer. This feature cannot be
reproduced in the implicit membrane model because of its continuum nature where
molecular features are neglected. The explicit lipid profiles also include contributions from
membrane deformations that occur at certain close distances of the hydrophilic analogs. The
HDGBvdW model assumes fixed slab bilayer geometries but a combination of HDGBvdW
with the DHDGB model®° that allows membrane deformations to be considered is in
principle possible and will be explored in future work.

Helix-Helix Association of pVNVV Dimer

To test how the HDGBvdW model performs beyond the test sets used for training, we now
turn to the association of transmembrane helices. Helix-helix interaction energies of the
pVNVV dimer were previously established as a good test case for studying the energetics of
transmembrane association’’. In previous work, the association free energy of pVNVV in a
DMPC lipid bilayer was estimated to be around 12.6 kcal/mol’’. Since we parameterized
HDGBvdW for a DPPC bilayer (based on the analog insertion and association profiles), we
recalculated the association free energy of pVNVV in a DPPC bilayer using umbrella
sampling (see Methods). The resulting association free energy of 14.7 kcal/mol is of similar
magnitude.

The association free energy profile in explicit lipids was compared with association free
energies with HDGBv3 and HDGBvdW (cf. Fig. 6A). It is readily apparent that the
HDGBvV3 model without the dispersion term greatly overestimates the association free
energy relative to the explicit lipid results. This can be understood, again, by a cost of cavity
term that strongly favors dimer association (by 40 kcal/mol) whereas the inclusion of the
dispersion term in the HDGBvdW model results in a profile that closely matches the explicit
lipid profile. With HDGBvdW, the association free energy is only slightly underestimated
relative to the explicit lipid results at 12.7 kcal/mol. Furthermore, the dimer contact
distances where the minimum free energy was observed were slightly different between
HDGBvV3 and HDBGvdW. While the minimum distance of 8.8 A with HDGBvdW closely
matches the explicit simulations where the minimum distance is about 8.7 A, the HDGBV3
model has the minimum at a shorter distance of 8.2 A. This indicates that the dimer
association is not just quantitatively but also qualitatively different when the dispersion term
is not included.
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The sampled dimer configurations were further analyzed in order to gain insight into the
ensembles generated with the implicit membrane models compared to the explicit lipid
results. Fig. 7 shows 2D PMFs as a function of separation distance and three different angles
that characterize the helix orientations: the tilt angle is the average angle of the two helices
with respect to the z-axis; the crossing angle measures the dihedral angle between based on
four points, the N-terminus of one helix, the two points of closest contact between the two
helices, and the N-terminus of the other helix; and the hinge angle captures the angle
between the principle axes of two helices as following the work of Lee er a/84. Crossing and
hinge angles were similar between the explicit and implicit simulations. In all cases, average
crossing and hinge angles near 22°, the values of the PDB starting structure (2ZTA), were
maintained for the contact dimer. At distances larger than 10 A, the angles fluctuated
significantly as expected for two non-interacting, tilted helices. The explicit lipid simulations
show less variation in the crossing and hinge angles but that is likely due to limited sampling
and slow Kinetics in the presence of explicit lipids

Tilt angles from the HDGBv3 and HDGBvdW simulations differed significantly from the
explicit lipid simulations. While the helices were significantly tilted in the explicit lipids (by
20-60°), tilting with HDGBV3 was less, around 30°, and even less, around 10-20°, with the
HDGBvdW model. The large tilt obtained in the explicit simulation correlates with
membrane deformations (see in Fig. 6B) that are not considered in either HDGBv3 or
HDGBvdW. It will require further work to test whether a combination of HDGBvdW with
the DHDGB scheme, % which does allow deformations within the implicit framework, can
better reproduce the more tilted configurations seen with explicit lipids.

Dimerization of GpA, Bnip3 and EphA1 Peptides

To further test whether the implicit membrane model can reproduce structural features of
transmembrane proteins, we simulated well-characterized transmembrane helix dimer
systems with the goal of reproducing the correct dimer configurations. In particular, we
focus on predicting the experimental crossing angles, which had been a challenge in the past
with other implicit membrane models38:91. More specifically we tested glycophorin A (GpA,
experimental crossing angle of —40.2°87), Bcl-2/19-kDa interacting protein 3 (Bnip3;
experimental crossing angle of —36.39°88), and erythropoietin-producing hepatocellular
receptor Al (EphA1; experimental crossing angle of —51.22 and —36.36 for two different
NMR structures89). Extensive reference data is available for all systems from
experimental8792-%and computational studies.38:95-101 We carried out 2D replica exchange
sampling because dimer contact formation was not as spontaneous and kinetically hindered
with HDGBvdW due to the weaker association free energy compared to HDGBvV3. The
results obtained with HDGBV3 and HDGBvdW are summarized in Fig. 8. The two-
dimensional PMF profiles with the distance and crossing angle as the reaction coordinates
are shown in Fig. 8A and the crossing angle distributions for the contact dimers are shown in
the form of histograms in Fig. 8B. There are significant differences between HDGBv3 and
HDGBvdW for Bnip3 and EphAl dimers. In both cases, HDGBvdW provides much better
agreement with the experimental values with a higher population of the right-handed
orientation. For GpA, 2D PMF profiles obtained by both models are similar to each other
and comparable with the result of a previously published work%, Higher crossing angles
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were obtained at the short interhelical distances, where the two helices are forming a dimer.
HDGBvdW maintained the crossing angle distribution obtained by HDGBV3 with a slightly
higher right-handed population (see Table 3). Table 3 further quantifies the most likely
crossing angles predicted by HDGBvdW and HDGBv3 compared to the experimental
values. Overall, the results suggest that for two cases (Bnip3 and EphAl), the HDGBvdW
model produces more right handed populated orientations than HDGBV3 in better agreement
with the experimental crossing angles, while for two other cases (GpA and pVNVV), the
HDGBvdW model was not able to improve the agreement with experiment over the
HDGBV3 results.

Membrane Orientation of WALP23 Peptide

Finally, we simulated WALP23 to analyze the tilt angles with respect to the membrane.
WALP peptides are synthetic transmembrane peptides specifically designed for modeling
hydrophobic mismatch between peptides and the membrane environment.102-104 Fig. 9
compares the tilt angles obtained with HDGBvdW and HDGBv3. While HDGBV3 shows
two separate populations at tilt angles of 7.1° and 20.7°, the HDGBvdW model, only
samples the state with the smaller tilt angle (with an angle of 5.1° at the maximum of the
distribution curve). Previous explicit membrane simulations reported a tilt angle of 14.9° for
POPC and 28° for DMPC.”® As in the pVNVV system described above, the implicit
membrane models exhibit less tilting compared to the explicit lipid simulations, especially
with the HDGBvdW. To examine this point further, we compared the tilting free energies
between HDGBv3 and HDGBvdW from umbrella simulations (see Fig. S4). Consistent with
the unbiased simulations, we found tilting beyond 5° to be unfavorable by 1-2 kcal/mol with
the HDGBvdW model whereas the HDGBv3 model has a minimum around 22°. What
exactly gives rise to the differences between the HDGBvdW and HDGBv3 models and
whether there is room for improvement is not clear. However, we generally believe that a
lack of membrane deformations with the implicit membrane models prevents the larger
degrees of tilting seen in explicit membrane simulations where there is evidence for some
deformation of the membrane bilayer near tilted helices05106, Allowing membrane
deformations in the DHDGB model®° that was based on an earlier version of HDGB
resulted in more tilted configurations in better agreement with the explicit lipid simulations.
Therefore we expect that the combination of the DHDGB framework with HDGBvdW
would also lead to more tilted helices. This will be tested in future work.

CONCLUSION

In this work, the HDGBvdW model is introduced where the non-polar solvation free energy
is described more accurately by both, a repulsive SASA-based cost-of-cavity term and an
attractive dispersion term to capture solute-solvent van der Waals interactions. The
dispersion term extends the implicit van der Waals formalism introduced by Galicchio et al.
to the heterogeneous membrane environment. HDGBvdW was parametrized based on amino
acid side chain analog membrane insertion and intra-membrane association profiles resulting
in some improvement relative to the standard HDGB model, especially for hydrophobic side
chains. When applied to the interaction of transmembrane helices within the membrane, the
HDGBvdW provides good agreement with explicit lipid simulations and contact dimer
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structures observed experimentally whereas the HDGB model without the dispersion term
greatly overestimates helix association free energies and has greater difficulties predicting
dimer configurations with the correct crossing angles.

Future work will focus on combining HDGBvdW with dynamic membrane deformations in
response to an inserted solute so that helix tilt angles become in better agreement with
explicit lipid simulations. While the general framework that involves coupling with
membrane elasticity theory has been developed in the DHDGB model, dynamic membrane
deformations coupled to HDGBvdW require an analysis of how membrane deformations
alter the lipid component density distributions that are used in Eqg. 10 which is beyond the
scope of the present work.

The HDGBvdW model represents the most elaborate implicit membrane model to date
capturing many aspects of complex lipid bilayer environments, albeit still without requiring
explicit lipids and thereby maintaining significant computational advantages over explicit
lipid simulations.

Implicit membrane models are also well-suited as scoring functions in the context of
membrane structure prediction1%7. We expect that the HDGBvdW model will be able to
perform especially well in the discrimination of correctly and incorrectly assembled
transmembrane helix topologies, which is one of the key challenges in predicting the correct
structures of membrane proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of DPPC molecule with a representation of the different atom types used in the

HDGBvdW model: O, H, C, C2. The colors differentiate carbon atom types C for the
glycerol backbone and the head group and C2 for the hydrocarbon chains.

J Comput Chem. Author manuscript; available in PMC 2018 June 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dutagaci et al.

Page 21

— Lipi

< 0.07} — Lipid C
2 0.06} — Lipid H
g — Lipid O
=, 0.05¢ — Water O
20.04]

e}

S

8 003

N

.§ 0.02}

S 0.01t

<.

0 5 10 15

z[A]

Figure 2.

20 25 30

Final density profiles for the four lipid atom types and the water oxygen. Each data point
was extracted by averaging the radial distribution function from the Fig. S1 and the final
smooth profiles were obtained by fitting the average densities with polynomial functions.
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Non-polar profiles used in HDGBv3 (green; dotted) and HDGBvdW (red; dashed) models

after complete optimization.
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Free energy profiles for membrane insertion of amino acid side chain analogs using the
HDGBv3 and HDGBvdW models compared to profiles obtained from explicit membrane
simulations. The error bars for the explicit simulations are not shown for the clarity of the
figure. For the analogs of Asn, Trp, Ala, Val, GIn and Ser, errors are less than 0.5 kcal/mol,
for Leu, Cys, Phe and Met, errors are within 0.5 and 1.0 kcal/mol and for Tyr and Thr errors

are larger than 1.5 kcal/mol.
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Figure 5.
Free energy profiles for intra-membrane pair association for acetamide, methanol, toluene

and propane at z positions of 0 and 12 A with HDGBv3 and HDGBvdW in comparison with
explicit membrane simulations. The shaded areas are representing statistical uncertainties in
the explicit membrane profiles.
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Figure 6.
(A) Free energy profiles of pVNVV peptide dimer association as a function of helix-helix

distance obtained from explicit DPPC simulations (solid black line), HDGBV3 (green dotted
line), and HDGBvdW (red dashed line). (B) Snapshot of the explicit membrane simulations
at a helix-helix distance of 8.5 A.
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Figure 7.
2D free energy profiles for pVNVV as a function of helix-helix separation and helix tilt

angles (top row), crossing angles (middle row), and hinge angles (bottom row). Results from
explicit lipid simulations (left column) are compared with results from HDGBv3 (middle
column) and HDGBvdW (right column).
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Figure 8.
(A) Free energy landscapes as a function of the pair distance of G79, H173 and G554 amino

acids on the helix dimers of GpA, Bnip3 and EphA1, respectively and crossing angles
between the helices at 300 K from the simulations with HDGBv3 and HDGBvdW . (B)
Probability distribution curves of the crossing angles of helix dimers derived from 2D
REMD simulations for the pair distances less than 6 A. The black lines are corresponding to
the experimental crossing angles from the solution state NMR models.
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Figure 9.

Probability distribution of the helix tilt angle for WALP23 peptide in simulations with

HDGBvV3 and HDGBvdW.
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Table 1

Page 29

HDGBvdW model parameters. Lennard-Jones parameters, e and o, and offset values, R;for the DPPC atom

types and water oxygen used for the dispersion term in the HDGBvdW model.

o(R)

Q/t[?em E:kcallmol) R(A)
Lipid H —-0.0307 1.2200 | 1.5
Lipid C -0.0680 2.0350 | 2.2
Lipid C2 | -0.0570 2.0190 | 2.2
Lipid O -0.1100 1.6750 | 1.5
Water O —-0.1520 1.7700 | 1.4
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Amino acid atom type Y
CT3 carbon 0.25
CT2 carbon 0.45
CT1 carbon 0.55
Aromatic carbon on the phenyl ring 0.2
Aromatic carbon in His 0.4
Other aromatic carbons 0.2
Carbonyl carbons 0.4
Carbon of methyl group (Ala analog) 0.7
Hydroxyl oxygen of Tyr 0.73
Other hydroxyl oxygens 0.75
Nitrogen in Trp 0.15
Other nitrogens 0.23
Hydroxyl hydrogens 0.75
Aromatic hydrogens 0.15
Hydrogen in the H-S bond 0.5
Hydrogen of methyl group (Ala analog) | 0.68
Other hydrogens 0.48
Sulfur in Met 0.18
Sulfur in Cys 0.43
Phosphorus 0.38
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Atom scaling factors. Optimized a;values for each peptide atom type.
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Table 3

Transmembrane helix dimer geometries. Crossing angles of pVNVV , GpA, EphA1l, and Bnip3 helix dimers
from experiments, explicit simulations, and implicit HDGBv3 and HDGBvdW models. A negative sign refers
to a right-handed orientation. For the experimental results, the average crossing angles of the NMR structures

of 1AFO87 for GpA, 2J5D88 for Bnip3 and 2K1L89 and 2K1L89 for EphA1 were calculated.

TM Helix Dimer System | Experiment | Explicit HDGBvV3 HDGBvdW
pVNVV N/A ~22° ~22° ~22°
GpA -40.2°87 —42°101 39.7° (85%) | 40.9° (84%)
-48.6° (15%) | -48.5° (16%)
Bnip3 -36.39°88 -27°,-28°, | -40.4° (97%) | -39.5°
—35°,52°97 | 33.7° (3%)
EphAl ~51.22°89 45°9 -45.2° (53%) | —34.3° (57%)
-36.36°89 —40°,20°%8 | 18.5°(47%) | —8.9° (20%)
19.3° (23%)
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