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ABSTRACT

Using a recently developed binary bilayer system (BBS) consisting of two patches of laterally
contacting bilayers, umbrella sampling molecular dynamics (MD) simulations were performed for
quantitative characterization of protein-lipid interactions. The BBS is composed of 1,2-dilauroyl-
sn-glycero-3-phosphocholine (DLPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
with an embedded model membrane protein, a gramicidin A (gA) channel. The calculated free
energy difference for the transfer of a gA channel from DLPC (hydrophobic thickness ~ 21.5 A)
to DMPC (hydrophobic thickness ~ 25.5 A) bilayers, AG(DLPC—DMPC), is —2.2 £ 0.7 kcal/mol.
This value appears at odds with the traditional view that the hydrophobic length of the gA channel
is ~22 A. To understand this discrepancy, we first note that recent MD simulations by different
groups have shown that lipid bilayer thickness profiles in the vicinity of a gA channel differ
qualitatively from the traditional deformation profile predicted from continuum elastic bilayer
models. Our MD simulations at low and high gA:lipid molar ratios and different membrane
compositions indicate that the gA channel’s effective hydrophobic length is ~26 A. Using this
effective hydrophobic length, AG(DLPC—DMPC) determined here is in excellent agreement with
predictions based on continuum elastic models (-3.0 to —2.2 kcal/mol) where the bilayer
deformation energy is approximated as a harmonic function of the mismatch between the channel’s
effective hydrophobic length and the hydrophobic thickness of the bilayer. The free energy profile
for gA in the BBS includes a barrier at the interface between the two bilayers which can be
attributed to the line tension at the interface between two bilayers with different hydrophobic
thicknesses. This observation implies that translation of a peptide between two different regions
of a cell membrane (such as between the liquid ordered and disordered phases) may include effects
of a barrier at the interface in addition to the relative free energies of the species far from the
interface. The BBS allows for direct transfer free energy calculations between bilayers without a
need of a reference medium, such as bulk water, and thus provides an efficient simulation protocol
for the quantitative characterization of protein-lipid interactions at all-atom resolution.
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1. Introduction

The bilayer regulation of membrane protein function and sorting is often explained using a model
wherein protein-lipid interactions are optimized to match the hydrophobic length / of the protein’s
transmembrane domain and the hydrophobic thickness du of the lipid bilayer.!?> Depending on the
mismatch between / and dy, either protein or lipids, or both may adapt to the mismatch (Fig. 1);
i.e., proteins may tilt or adjust their structures and lipids may stretch or compress in order to
minimize the local mismatch. Unfortunately, it remains difficult to quantitatively characterize
protein-lipid interactions (even in computational studies). Consequently, there is little information
about how much and why protein function and stability differ among bilayers, and to what extent
protein-lipid interactions and bilayer deformation penalties caused by inclusion of the protein
contribute to the observed differences in function and stability.>*
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Figure 1. Schematic representation of possible protein-lipid interactions in the presence of a
hydrophobic mismatch. While lipid adaptation is a more likely option in the negative mismatch,
the embedded protein could partially unfold or stretch/thin to match its hydrophobic length to the
hydrophobic thickness of membrane. Protein expulsion from the membrane is not considered here.

There have been numerous efforts to quantitatively characterize protein-lipid interactions,’!2
usually by calculating a membrane protein’s insertion free energy from bulk water into the
membrane.”® Using this strategy, one would need to perform two sets of insertion free energy
simulations to calculate the relative free energy of a membrane protein in two different membranes.
This is expensive and prone to errors resulting from the separately estimated insertion free energies
or even impossible for a large membrane protein. These issues can be avoided if one could
calculate the transfer free energy of a membrane protein directly between two bilayers. Recently,
we designed a binary bilayer system (BBS) consisting of two patches of laterally contacting
bilayers that allows for direct estimates of the partitioning of embedded molecules between
different bilayers.!* As an illustrative case, the partition coefficient of cholesterol between the two



different bilayers was then obtained by allowing transfer of cholesterol between the bilayers
without the need for an intermediate reference medium (e.g., bulk water).

In this study, we show that the BBS provides an effective simulation protocol for quantitative
characterization of protein-lipid interactions by calculating the potential of mean force (PMF) for
moving an embedded transmembrane protein between two bilayers using umbrella sampling
(US).!* We used the monovalent cation channel gramicidin A (gA)"> as a model membrane protein
in a BBS composed of 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) bilayers. Though small, the gA channel provides a good

model for protein-lipid interactions!'®"'® due to: its structural feature shared with ion channels;!*2

its anchoring Trp residues at the membrane interfaces;>"*> and, critically, lipid adaptations to
minimize energetic penalty arising from /-dy mismatch?>-* that would be a general scenario for

regulation of interactions between larger proteins and lipids.

In the scenario of lipid adaptation, the energetic penalty upon the insertion of the protein has been
attributed to bilayer deformation energy in the framework of the continuum elastic models
(CEMs), % which inevitably simplify the complicated protein-lipid interactions near the
protein.?*3%3! This incompleteness may make / an adjustable parameter rather than one determined
from the structure. In this work, this question was also examined by comparing the relative free
energy from the US simulations and that from the CEM with a traditionally accepted gA channel’s
[ of 22 A. 32 To determine a most likely value of / in the framework of the CEM, extensive
molecular dynamics (MD) simulations were also performed.

The paper is organized as follows. In the next section (Sec. II), the BBS system set up for US
simulation and bilayer MD simulations and computational methods are described. In Sec. II1, the
general behavior of the BBS used in the US simulations is presented, which is followed by the
results from US simulations. Sec. I'V shows the results from MD simulations matching the earlier
experimental work for the determination of gA channel’s /. Sec. V begins with further analysis and
validation of the BBS followed by a discussion of the disagreement between the PMF-derived
relative free energy and CEM-based predictions. We introduce the (protein centric) molecular /
(Imo) and the (bilayer centric) effective / (lfr) to reconcile the disagreement. The calculated free
energy difference from the US simulations agree with the difference in bilayer deformation
energies in two bilayer environments using a g of 26 A. A simple model including line tension is
proposed, which accurately describes the characteristics of the calculated free energy profile using
the BBS. Concluding remarks are presented in Sec. VI.
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Figure 2. (A) (Top) A schematic of the binary bilayer system and (Bottom) the soft restraint
potentials applied to each lipid. Each lipid in bilayer 1 (bilayer 2) experiences an inverted flat-
bottomed harmonic restraint potential shown as red (blue) curves to prevent bilayer mixing.
Vertical lines are shown for visual guidance. (B) Initial configurations for umbrella sampling
simulations (top view). The X center of mass of the gA channel (spheres) is at X;a = -39 A, 0 A,
and 39 A. DLPC (red) and DMPC (blue) are shown as sticks. Hydrogen atoms, ions, and water are
omitted for clarity.

I1. Methods
Molecular dynamics simulations of gA in DLPC/DMPC binary bilayer

For the PMF calculations along the X center of mass of an embedded gA channel (X;za), an umbrella
sampling (US) simulation system along Xza in a BBS of two pure lipid bilayers of DLPC and
DMPC was prepared. The initial XY dimensions of each BBS window were set to be Ly = 156 A
and Ly =78 A% (Ly = 2Ly) to incorporate at least three lipid shells around gA (Fig. 2),°**' where
Ly and Ly are the system size along the X and Y dimensions, respectively. Each BBS window was
composed of 180 DLPC and 180 DMPC lipids with an embedded gA (PDB ID: 1JNO)*? at a given
target Xga, bulk water, and 0.15 M KCl. The target values of Xya for the windows were uniformly
distributed along the X direction with a spacing d of 1 A in a range of [-54 A, 54 A], where X=0
A is the X center of the simulation box. The associated bias force constant k was set to be 3.6
kcal/(mol-A?), an optimal value obtained from the relation, k'?d = 0.8643 (ksT)"2>* for the
preliminary replica exchange US for a window separation of d = 0.5 A, where kg is Boltzmann’s
constant and 7 is the temperature. We chose this value for & after verifying the overlap between
Xea distributions from the all pairs of windows separated by 1 A in the preliminary replica
exchange US simulations (data not shown).

Each BBS window was prepared and equilibrated by following a six-step protocol employed in
CHARMM-GUI Membrane Builder,*>*® where modifications were made to initially locate DLPC
and DMPC lipids at X <0 A and X > 0 A, respectively. To prevent bilayer mixing, soft restraint
potentials were applied to the phosphorous atoms of all lipids (Fig. 2), which acts once a lipid in



a bilayer diffused into the other bilayer deeper than a pre-defined limit Xm from the bilayer-bilayer
interfaces at X~ 0 A (Xu = 8 A in the present study). An inverted flat-bottomed harmonic restraint
potential was used for the binary bilayer restraining potential, V(X),

kr(r - dr)z/2 (T‘ - dr < O)

veo = { 0 (r—d, > 0) 1)

where the force constant k; was set to 0.5 kcal/(mol-A?), r = | X — Xeet|, and d; = Lx/4 — Xu, and Xeer
for lipids in DLPC and DMPC bilayer were set to Lx /4 and —Lx /4, respectively.!

For the prepared windows, a series of short constant volume and temperature (NVT) and constant
pressure and temperature (NPT) equilibration runs were performed, during which various restraint
potentials were gradually relaxed to vanish except the umbrella and binary bilayer restraining
potentials (kept throughout the whole simulation). A 360-ns NPT production run was performed
for each window at p = 1 bar and 7 = 303.15 K. The X:r and target Xya for all windows were
updated every 1 ns using the instantaneous box sizes.

Molecular dynamics simulations of gA in homogeneous bilayers matching experiments

To resolve the origin of the difference between the hydrophobic length of the gA channel deduced
in previous experimental studies?**? (Imo1) and that of the current results (/efr), we begin by noting
that the recent simulation studies?*3%31:3%40 a]l show that the bilayer thickness profile near the
channel is much more complicated than that envisaged in the earlier CEM studies.?”-?$443 We
therefore built and simulated various molecular systems matching the earlier experimental work:
a gA channel embedded in a monopalmitolein (MPLO) bilayer—in the absence (gA:MPLO)*? and
presence of n-decane (gA:MPLO:NDEC)—and that in DLPC and DMPC bilayers (gA:DLPC and
gA:DMPC, respectively) at a gA:lipid molar ratio of 1:10 (similar to the experiments of Harroun
et al.?).

For gA:MPLO systems, two different gA:MPLO molar ratios, 1:20 and 1:160, were considered.
Each simulation system was prepared first by generating corresponding palmitoleic acid (PALO)
bilayer with an embedded gA channel using Membrane Builder®>3* followed by replacement of
PALO molecules with MPLO molecules while keeping the number of other components. The
prepared simulation system consisted of a gA channel, bulk water with 0.15 M KCl, and 40 and
320 MPLO molecules at the molar ratio of 1:20 and 1:160, respectively. For gA:MPLO:NDEC
systems, two gA:MPLO:NDEC molar ratios, 1:10:10 and 1:80:80, were considered. Each
simulation system was prepared by following the same procedure for the preparation of the
gA:MPLO systems. For gA:DLPC and gA:DMPC systems, each simulation system was prepared
using Membrane Builder. Five independent replicates for each system were prepared for better
statistics. The system information is listed in Table 1. For each replicate, a series of short NVT
and NPT equilibration runs were carried out followed by a 200-ns NPT production run at p = 1 bar
and at two temperatures 7 = 296.15 K and 7 = 303.15 K except gA:DMPC systems that were
simulated only at 7= 303.15 K.

Table 1. System information for a gA in homogenous bilayers matching experiments.



System Composition® Ions Initial size (A3)

gA:DLPC 1:10 None 30 x30x79
gA:DMPC 1:10 None 30 x30x79
gA:MPLO 1:20 0.15 M KCl 30 x 30 x 85
1:160 0.15 M KCl 71 x 71 x 85
gA:MPLO:NDEC  1:10:10 0.15 M KCl 30 x 30 x 85
1:80:80 0.15 M KCl 71 x 71 x 85

aMolar ratio of gA monomer and other components. There is a single gA channel (dimer) in the
system.

Simulation protocol

All simulations were performed by using OpenMM** with the C36 protein* and lipid*® force fields
and TIP3P water model;*’* the force field parameter for MPLO were transferred from those of
PALO (for hydrocarbon tail) and di-palmitoleic-phosphatidylglycerol (for glycerol head group).
The integration time step was set to 2 fs with SHAKE algorithm® for constraining covalent bonds
involving hydrogen atoms. The van der Waals interactions were smoothly switched off over 10—
12 A by a force-based switching function®' and the electrostatic interactions were calculated by
particle-mesh Ewald method.’? The temperature and the pressure was controlled by Langevin
dynamics with a friction coefficient 1 ps! and a semi-isotropic Monte Carlo barostat>*>* with a
pressure coupling frequency of 100 steps. For MD simulations of a gA in homogeneous bilayers,
the scripts from CHARMM-GUI were used.>® For US simulations of a gA in DLPC/DMPC binary
bilayer, these scripts were modified, where V(X) and the umbrella potential for the gA were
calculated by using CustomExternalForce class in OpenMM.**

Analysis

To analyze the orientations and the insertion depth of gA, two gA monomer helices defined by Ca
atoms of the gA channel were used. The average tilt angle of two gA monomers with respect to
the membrane normal (the Z axis) and the average Z center of mass (Z-COM) were calculated. The
molecular hydrophobic length of the gA channel, /mol, was calculated as the distance between the
centers of two circles defined by the nitrogen atoms in the indole group in Trp residues (W11,
W13, and W15) in each gA monomer.

For spatially resolved analysis of lipid adaptation along the XY plane (see Table 2), a (two-
dimensional) Voronoi tessellation approach was employed,®' where we represented the gA by the
Ca atoms, and DLPC, DMPC, and MPLO molecules by the COM of acyl chain(s). We did not
consider n-decane (NDEC) molecules because they were buried between MPLO layers. Voronoi
tessellation in the XY plane was performed for both leaflets for each frame in a given trajectory.

For the calculation of the bilayer hydrophobic thickness, du, the Z position of each lipid was
represented by the average Z position of the first carbon atoms in sn-1 and sn-2 tails for DLPC and
DMPC, and the Z position of the first acyl-chain carbon atom for MPLO. Similarly to Pandit et
al.,>® transbilayer nearest neighbor lipid pairs were assigned—for a lipid in a given leaflet, the
laterally nearest lipid in the opposite leaflet was assigned as its transbilayer nearest neighbor. Then,
du at the XY-COM of the pair was calculated as the Z distance between the pair of lipids. From the



calculated du for the pairs, two-dimensional and radial du profiles, du (X,Y) and du (R), were
calculated, where R is the distance between the XY-COMs of the gA channel and the transbilayer
nearest neighbor pair.

Table 2. List of thicknesses

Symbol  Meaning

[ gA channel’s hydrophobic length

' gA channel’s hydrophobic length adapted to a bilayer

Imol gA channel’s molecular hydrophobic length (protein centric)
Lesr gA channel’s effective hydrophobic length (bilayer centric)
dn Hydrophobic thickness of a bilayer (at equilibrium)

ds Bilayer thickness (head group to head group)

For the calculation of bilayer thickness, ds, we represent each lipid by the COM of phosphate
group for DLPC and DMPC and by the COM of oxygen atoms in glycerol head group for MPLO,
respectively. Then, similar to du calculation, the Z distance between lipids in the transbilayer
nearest neighbor pair was assigned as dp at the XY-COM of the pair. The radial dg profile and shell
average dp were then calculated by using the same protocol for dy calculations.

The radial distribution function, g(R), were calculated for the lipid tail and head group COMs by
g(R) = (N(R+dR)-N(R))/(27RdAR pouik), where N(R) is the number of lipids within a radius R from
the XY-COM of gA and pvui is the bulk density of the lipid in the XY dimensions.

In the analysis of the lipid adaptation at different shells, lipid shells in a given leaflet were
determined rather simply based on the contacts between Voronoi cells. Similar to the work of
Beaven et al,?! the first shell lipids were identified as those contacting the gA, and the second shell
lipids were identified as the lipids contacting the first shell lipids but not the gA. This procedure
was repeated until all lipid molecules were assigned to their appropriate lipid shell. Using the
assigned lipids in each lipid shell, the shell-average du was calculated. Shell-average deuterium
order parameter Scp = [<(3cos?#— 1)/2>| was also calculated from those for each acyl chain, where
81s the angle between C-H bond and the bilayer normal (the Z axis).

ITI. Results from umbrella sampling simulations of gA in DLPC/DMPC binary bilayer

Here, we present the results from the US simulations of gA in DLPC/DMPC binary bilayer. First,
the general behavior of BBS is described and the PMF is presented. Then, the adaptations between
gA and bilayers are examined.

Binary bilayer system behavior

To check the self-adjusted lipid packing of the BBS windows and the interfaces between DLPC
and DMPC bilayers, we examined the system size (Lx and Ly), the number of lipids under the
restraints (Nres) and those under the restraints above the thermally accessible energy, 2ksT,** (V.
res), the applied restraining energy to BBS (Eres), and the number of contacting lipids to gA (Ncont).



The system size of BBS windows along the X and Y dimensions were Ly=149.8 +£0.3 A and Ly=
74.9 £ 0.2 A, which were well maintained throughout the simulation time. In the BBS windows,
about three lipid molecules in each bilayer were subject to non-vanishing V(X) (Nees = 3.63 and =
3.31 for DLPC and DMPC bilayers, respectively) (Fig. 3A). Only a tiny fraction of lipid molecules
(0.1%) were subject to the high V(X)) (> 2ksT) (NVhres = 0.17 and = 0.15 for DLPC and DMPC
bilayers, respectively) (Fig. 3A), indicating no meaningful alteration of bilayer properties such as
lipid packing. The rest of the restrained lipids were subject to V(X) < 2kg7, which can be easily
overcome by thermal fluctuation. The average restraining energy applied to BBS windows (E'es)
was also calculated (Fig. 3B); it was about 1.2 kcal/mol both for DLPC and DMPC bilayers. There
were about 9.4 lipids in direct contact with each subunit in the gA channel (Neont = 9.39 + 0.01),
which agrees well with the number of lipid molecules in the first shell of gA in the previous MD
study (9.2 £ 0.1 and 9.4 + 0.2 for DLPC and DMPC bilayers).>* The Ncon: profiles for each lipid
type are flat near the center of each bilayer and change rather linearly from Xoa = —20 A to Xa ~
20 A (Fig. 3C). Together with Nies (and Nhres), Neont profiles indicate that the interfaces between
DLPC and DMPC bilayer were well maintained and minimally perturbed in our simulations.
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Figure 3. (A) Number of lipids subject to the restraint potentials (Nws) and those subject to the
high restraint potential above the thermally accessible energy, 2ks7, (Nn-res) calculated from 20-ns
block averages for all windows. Nres and Nhres for DLPC bilayer are shown in red and pink, and
those for DMPC bilayers are shown in blue and cyan, respectively. Note that the pink and cyan
lines are almost identical. (B) The average binary bilayer restraining energy, Eres, applied to each
bilayer in the BBS windows calculated from 20-ns block averages. (C) The number of contacting
lipids to gA, Neont, as a function of Xga. The standard errors over the block averages are depicted
by the gray area.

Free energy profile

The PMF along Xza was obtained from the last 300-ns trajectories using 20-ns block PMFs
calculated by WHAM. The PMF profile (Fig. 4) shows plateaus in both the DLPC and the DMPC
bilayer sides. These plateaus are symmetric with respect to their centers (Xga = -39 A and Xpa ~
39 A, respectively) whose half-width Wy is 7-8 A. Considering the geometry of the BBS, the DLPC
bilayer (in the primary simulation box) are surrounded by two equivalent DMPC bilayers along
Xea (i.e., one is in the primary simulation box and the other is its image). Similarly, the DMPC
bilayers are surrounded by two equivalent DLPC bilayers. Therefore, there should be two mirror
symmetries in the PMF profile at the centers of DLPC and DMPC bilayers along Xza. The observed
mirror symmetries in the PMF profile thus indicate that our US binary bilayer simulations were
valid. The transfer free energy of a gA channel from a DLPC to a DMPC bilayer,



AG(DLPC—DMPC), was estimated as the difference between the two plateaus centered at —39 A
and 39 A, respectively: AG(DLPC—DMPC) = -2.2 + 0.7 kcal/mol. Between two plateaus, there
is a barrier of ~1.3 kcal/mol relative to the DLPC side and ~3.5 kcal/mol relative to the DMPC
side.
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Figure 4. The potential of mean force (PMF) of a gA channel as function of XA calculated from
the last 300-ns of the umbrella sampling. AG(DLPC—DMPC) =-2.2 + 0.7 kcal/mol was estimated
by subtracting the average PMF of two plateaus centered at Xga = -39 A (DMPC) and Xga =39 A
(DLPC) with the width Wy of 8 A. The standard errors from 20-ns block PMFs are shown in grey.

gA and lipid adaptations

To evaluate the general behavior of the adaptation between the channel and the bilayers, we
examined the tilt angle of the gA dimer, the variation in du within the BBS windows, and the
interactions between the gA residues and their environments.
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Figure 5. (A) The Z-COM (Zga) and tilt angle of the gA channel. The gray areas represent one
standard deviation. (B) Two-dimensional bilayer hydrophobic thickness profile, du(X,Y), at Xga =
-39 A or Xga = 39 A. (C) Radial hydrophobic thickness profiles (black line), du(R), around gA at



Xea =-39 A (top) or Xea =39 A (bottom), overlaid with those from Ref. 30 (red lines), and radial
distribution function, g(R), of the lipids (blue). The gray area represents an envelope of du(R)
defined by the minimum and maximum values of du at each R from 20-ns block averages. The
cyan area represents one standard error over 20-ns block averages of g(R). The bin size along the
X and Y directions is set to 0.5 A for the calculation of the dy profiles. (D) Interaction patterns of
gA residues with the neighboring environments at Xga = -39 A (top) or Xsa = 39 A (bottom). For
each residue, the frequency of occurrence of interaction partners within 4 A were calculated
(except for pore water molecules between the two gA Trp15 residues along the membrane normal).
The interaction partners are labeled as follows: water (blue), choline (red), phosphate (orange),
glycerol backbone (yellow), carbonyl (green), and hydrocarbon tail (gray) groups. The outer most
residues are the C-terminal ethanolamides. For clarity, only Trp residues are shown in the label.

As shown in Fig. SA, the insertion depth of the gA channel did not vary significantly along Xga.
In addition, in contrast to single-pass transmembrane helices that favor tilting to minimize
hydrophobic mismatch,'!-*%57 the tilt of the gA channel decreased only slightly from ~12° in DLPC
to ~10° in DMPC. This is due to the anchoring Trp residues which hydrogen bond to lipids?? and
thus limit tilt of the gA channel. In the two-dimensional dy profile, du(X,Y) (Fig. 5B), du around
the gA channel deviated from its bulk toward du ~ 24 A for both DLPC and DMPC bilayers,
indicating the lipid adaptation to minimize the energetic penalty due to the mismatch in the bulk
dn and [ of the gA channel. The perturbation in du(X,Y) extends 25-30 A radially from the XY-
COM of gA and approaches to the bulk dy at larger distances. At the bilayer-bilayer interfaces (X
=0 A), the value of du becomes the average of those for DLPC and DMPC bilayers.

The difference in the lipid adaptation between DLPC and DMPC bilayer are also clearly shown in
the radial hydrophobic thickness profiles du(R) (Fig. 5C), which show excellent agreement with
those from the previous simulation study in individual pure bilayers®® except the vicinity of the gA
channel (R < 10 A). We attribute the rather large differences in du(R) at R < 10 A between the
present and previous work to the difference in defining du at R. (Better agreement with previous
work was obtained when du was calculated as the difference between leaflet hydrophobic
thicknesses, data not shown.) The larger uncertainties in du(R) at R < 10 A reflects the complex
lipid packing adjacent to the gA channel such as protrusion of the lipids up over the channel as
well as the small number of such lipids, N(R =10 A) (0.4 £ 0.1 for DLPC and 0.5 + 0.1 for DMPC,
respectively, obtained by the integration of g(R)). The agreement of du(R) between BBS and the
individual pure bilayers further validates BBS.

The gA-bilayer interfaces were not sensitive to the lipid type (Fig. SD) and the interaction pattern
of the amino acid residues in the channel with the neighboring environments is consistent with our
previous study.*® The phospholipid head group interacts with the first seven residues from the C
terminus (i.e., four Trp residues, and the Leu residues in-between them), but its interaction
frequency with the first three Trp residues is higher than that with the Leu residues. The
interactions between the first four residues (< 1 turn of B%3-helix®®) with carbonyl groups and
hydrocarbon tails are consistent with the hot spots shown previously, where the lipids protrude up
over the channel so that these groups can interact with these residues.?**° Residues beyond the
fourth Trp residue have minimal interactions with the head groups. The tightly regulated gA-
bilayer interfaces together with minimal gA adaptation implies that AG(DLPC—DMPC) is

10



determined primarily by the difference in lipid adaptation (i.e., bilayer deformation free energy,
AGqef) in the two bilayer environments, which reaches out to the third lipid shell (R =~ 30 A).303!

IV. Simulations of gA in homogeneous bilayers matching experiments

To better understand the adaptation between gA channels and the adjacent lipid molecules, we did
MD simulations of gA channels embedded in MPLO bilayers with and without NDEC, as well as
single-component DLPC and DMPC bilayers at 7= 303.15 K. The results of the simulation at 7=
296.15 K are similar to those at 7= 303.15 K.

(9]
o

42 1.6 _x
<
Z 36 12 e
< B E
o = @
% 30 08 £
o S
=
[=

24
0.4

v

20

0
0 5 10 15 20 25 30 35 40
R (A)

Figure 6 (A) A final snapshot of a gA:MPLO system and (B) selected conformations of MPLO
that protrude over the gA channel at a molar ratio of 1:160 at 7=303.15 K. gA is shown in spheres:
C atoms (green), O atoms (red), and N atoms (blue). MPLO molecules are shown in sticks: C
atoms (cyan) and O atoms (red). For visual guidance, C2 atoms in MPLO are shown as orange
spheres in (A). For clarity, hydrogen atoms, water molecules, and ions are omitted. (C) Radial
hydrophobic thickness (du(R), black) profile and g(R) of MPLO tail’s COM for gA:MPLO at the
ratio of 1:160 at 7= 303.15 K. The gray area represents an envelope of du(R) defined by their
minimum and maximum values at each R from five independent simulations. The cyan area is the
standard error of g(R) from five independent simulations. (D) The shell average of du (grey) and
bilayer thickness dp (cyan) at a molar ratio of 1:160 at 7= 303.15 K. (E) Scp order parameter
gA:MPLO systems at molar ratio of 1:160 and 1:20 at 7= 303.15 K. Shell Scp for carbon atoms
in the acyl chain are shown for gA:MPLO at the ratio of 1:160: the first shell (red), the second
shell (blue), and the bulk (black). For gA:MPLO at the ratio 1:20, Scp was calculated for the whole
bilayer (grey). Standard errors were calculated over the replicas and are smaller than the size of
the symbol.

2 4 6 8 10 12 14 16
Carbon Number

The bilayer perturbations in MPLO bilayers at gA:MPLO molar ratio of 1:160 are shown in Fig.
6A. Similar to DLPC and DMPC bilayers, a small number of MPLO lipids (M(R = 10 A) ~ 1.4,
calculated from the g(R) of the MPLO tail COM) that protrudes over the gA channel, where
hydrogen bonds between glycerol head groups were frequently observed (Fig. 6B). du(R) ~ 28 A
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near the channel pore at R =~ 5 A decreases as R increases, to its minimum at R = 9 A (Fig. 6C). du
increases in the second shell and relaxes to its bulk value of ~24 A beyond the third shell (Figs.
6C and 6D). The Scp varies similarly as was the case for the DLPC tails, meaning that Scp becomes
smaller at the second shell and approaches the bulk MPLO bilayer values (Fig. 6E). These results
suggest a slightly positive /-du mismatch. Except for the first shell around the channel, dg is about
8 A larger than dy (Fig. 6D). At the higher gA:MPLO ratio of 1:20, the MPLO molecules were
more tightly packed as reflected in an increased du for the first shell, ~0.5 A (Table 3) and larger
Scp, as compared to the results obtained at gA:MPLO = 1:160 (Fig. 6E). Yet, ds was not influenced
by the tighter MPLO packing (Table 3).

Table 3. Bilayer thickness (dg) and hydrophobic thickness (du) of the first lipid shell and the
molecular hydrophobic length of the gA channel (/mor) from simulations.?

System T (K) ds (A) du (A) Imol (A)
BBS (Xza=-39A) 303.15 32.8(0.1) 22.0(0.1) 23.2(0.1)
BBS (Xza=39A) 303.15 354(0.1) 25.0(0.0) 23.3(0.0)
gA:DLPC (1:10)  296.15 344(0.2) 23.6(02) 23.1(0.0)

30315 340(0.0) 233(0.0) 23.1(0.0)
gA:DMPC (1:10) 303.15 37.0(0.2) 26.7(0.1) 23.2(0.1)
gA:MPLO (1:20)  296.15  31.4(0.2) 24.1(0.1) 23.1(0.1)

303.15 31.4(0.1) 24.0(0.1) 23.0(0.1)
gA:MPLO (1:160) 296.15 31.6(0.0) 23.7(0.0) 23.0(0.1)

303.15 31.4(0.1) 23.5(0.1) 23.0(0.1)
gA:MPLO:NDEC 296.15 33.1(0.1) 269(0.1) 23.1(0.3)

(1:10:10) 303.15  33.5(0.1) 27.3(0.1) 23.1(0.1)
gA:MPLO:NDEC 296.15 37.2(0.1) 30.9(0.1) 23.0(0.1)
(1:80:80) 303.15 37.4(0.3) 30.9(0.2) 23.1(0.3)

Bilayer thickness, ds, is defined as the phosphate-to-phosphate distance (for DLPC and DMPC
bilayers) and the glycerol-oxygen to glycerol-oxygen distance (for MPLO bilayers). Bilayer
hydrophobic thickness, dn, is defined as the distance between the first acyl-chain carbon (C22 and
C33) atoms. The thicknesses were calculated between the corresponding transbilayer nearest
neighbor pairs. The molecular hydrophobic length of the gA channel, /nol, is defined as the distance
between the centers of the N atoms in indole group of three Trp residues (W11, W13, and W15).
The standard errors are given in parenthesis.

When a monoglyceride bilayer is formed with hydrocarbon solvent, dn is larger than for the
corresponding pure monoglyceride bilayer.>®%° In the bilayer, it has been thought that the
hydrocarbon solvent molecules reside between monoglyceride monolayers and that the gA-bilayer
interfaces are mainly formed by those between gA and monoglyceride molecules.?® Our
simulations of gA:MPLO:NDEC systems at the ratio of 1:80:80 agree well with this picture (Fig.
7A). Thus, the du(R) profile shows characteristics of the bilayers with negative /-dn mismatch (Fig.
7B).3? Though the system size is too small to observe a plateau in du(R), the fourth shell di of ~43
A is in a good agreement with the previously reported du of ~48 A>° (Figs. 7B and 7C). At a higher
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molar ratio of 1:10:10, NDEC molecules are not accumulating into the hydrophobic core due to
less available space. More NDEC molecules are observed at the gA-bilayer interface (Fig. 7A),
which is also reflected as smaller Scp compared to those at the ratio of 1:80:80 (Fig. 7D).

A gA:MPLO:NDEC = 1:80:80 gA:MPLO:NDEC = 1:10:10
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Figure 7 (A) Snapshots of gA:MPLO:NDEC systems at gA:MPLO:NDEC molar ratios of 1:80:80
and 1:10:10 at 7= 303.15 K (with two periodic images along the X direction). The color codes are
the same as in Fig. 6A and n-decane (NDEC) molecules are shown as grey sticks. (B) Radial
hydrophobic thickness du(R) profile and g(R) of MPLO tail COM for gA:MPLO:NDEC at the
ratio of 1:80:80 at 7=303.15 K. The color codes are the same as in Fig. 6C. (C) The shell average
of du (grey) and bilayer thickness ds (cyan) at a molar ratio of 1:80:80 at 7= 303.15 K. (D) Scp
order parameters at gA:MPLO:NDEC molar ratios of 1:80:80 and 1:10:10 at 7= 303.15 K. Shell
Scp for carbon atoms in the acyl chain are shown for gA:MPLO:NDEC at the ratio of 1:80:80
(with the same color codes as in Fig. 6E). For gA:MPLO:NDEC at the ratio 1:10:10, Scp was
calculated for the whole bilayer (grey). Standard errors were calculated over the replicas and
smaller than the size of the symbol.

The ds of gA:DLPC and gA:DMPC systems at gA:lipid ratio of 1:10 (Table 3) are larger than
those reported by Harroun et al.?® but similar to those from the previous molecular dynamics
simulations.®!%? The results are consistent with the previously reported increased order of DMPC

bilayer in the presence of gA,% which is also shown as significantly larger Scp than pure bilayers
(Fig. 8).
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Figure 8. Scp order parameter for the gA:DLPC and gA:DMPC bilayers at a molar ratio of 1:10
at T=303.15 K (black circle), and those for pure bilayer simulations (red circle)*® and experiments
(blue diamond).%*% Scp for the sn-2 tails are shown. Standard errors from the current simulations
were calculated over the replicas and smaller than the size of the symbol.

V. Discussion

In this section, the properties of the BBS are discussed and the BBS used in the present study is
validated. Then, the hydrophobic length of gA is discussed followed by a model for the gA-lipid
interactions in the BBS and its implication in the translation of a membrane protein between two
different regions of a cell membrane. Guidelines for a valid BBS are developed based on the free
energy model and the analysis of the BBS.

Validation of BBS

The BBS employed in the US simulations was designed so that the laterally patched bilayers can
self-adjust their packing with well-maintained interfaces while keeping the effects of V(X) being
minimal. With an ideal self-adjusted lipid packing, the system dimension of the BBS can be
obtained from the number of each component and its surface area as

LyLy = 2L} = ¥; N;A; (2)

where N; is the number of i-th lipid type and 4; is its surface area in a leaflet of the BBS. For the
BBS used in the present study, the system size of the BBS is obtained as Ly=75.1 A (= Lx/2) using
Nbrrc = Nompc = 90, ApLec = 63.1 A2, and Apmpc = 60.2 A2,% which is in excellent agreement with
the observed Ly =74.9 A and supports the self-adjusted lipid packing.

In addition to self-adjusted packing, for a valid BBS the interfaces between two bilayers should be
well maintained. The observed MNies, Nh-res, Eres, and Neont profiles (Fig. 3) all indicate that the
interfaces between DLPC and DMPC bilayers are well maintained. To further examine whether
these are controlled as designed, we compared the ratios Nhres/Nres and Eres/Nres from the US
simulations with their analytic predictions (see Sec. Al. The analytic expressions for Nres, Vi-res,
and Eres of the BBS in the Appendix). The Nh-res/Nres and Eres/Nres from the US simulations are
0.046 and 0.32 kcal/mol for both DLPC and DMPC, which are in excellent agreement with
predicted ratios, erfc(2"?) = 0.046 and ks 7/2 = 0.30 kcal/mol (Eq. A2). Also, the observed behavior
that the gA farther than 20 A from the interface between bilayers (X = 0 A) contact only a single
lipid type is consistent with the sum of the outer radius of gA (~10 A), Xm (~8 A), and 26 (~2.2
A). This indicates V(X) works as it is designed to prevent bilayer mixing beyond the distance Xum
from the binary bilayer interface. Together with the consistent system size with the self-adjusted
lipid packing, these results validate the BBS in the present work.

Hydrophobic length of gA

Because the gA orientations and gA-environment interactions are not sensitive to du of the DLPC
and DMPC bilayers (Fig. 5), AG(IDLPC—DMPC) appears to be determined primarily by the
difference in the lipid adaptation (i.e., bilayer deformation free energy, AGaer) in the two bilayer
environments, which reaches up to the third lipid shell (R ~ 30 A).3%*! Then, AG(DLPC—DMPC)
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~ AGqer, which can be approximated in the continuum elastic models (CEMs) of lipid bilayer
deformations,?¢?° which in the simplest form reduces to

Gaer = H(l — dy)? 3)
where the force constant H is determined either theoretically?®2® or experimentally.?>*! The
relation between lifetime and hydrophobic thickness shows that the CEM provides a good
description of the gA-bilayer interactions.?”3¢7 In the CEM Eq. (3), H is a function of mechanical
moduli*! that vary little among bilayers formed by lipids with different acyl chains.®® Thus, a
quantitative comparison between AG(DLPC—DMPC) and the difference in the deformation free
energy between DLPC and DMPC bilayers, AGaer = Gaef( DMPC) — G4 DLPC), can be made with
unambiguously determined H, du, and /.

Using the experimental relation between lifetime of a gA channel and du, H has been estimated to
be about 50 kJ/(mol-nm?) (56 kJ/(mol-nm?)** and 49 kJ/(mol-nm?)*!). Theoretically, H has been
estimated to be approximately 40 kJ/(mol-nm?)?¢ based on analysis of the MD-derived bilayer
thickness profiles, which is in reasonable agreement with the experimental estimates. The
hydrophobic thicknesses of DLPC and DMPC bilayers have been determined from X-ray
scattering experiments®® (21.7 A and 25.7 A, respectively) and MD simulations®® (21.2 A and 25.3
A, respectively), which are in excellent agreement.

The gA channel’s hydrophobic length, /, was estimated by matching / to du of the host bilayer in
two different experimental studies: 1) a single-channel study on gA channel lifetimes in
monoglyceride/squalene bilayers®? and 2) X-ray scattering of gA channels embedded in DLPC or
DMPC bilayers at a gA:lipid molar ratio of 1:10.2* In the former experiment, a / value of about 22
A was determined from the du of the bilayer where the channel lifetime was longest. In the latter
experiment, the phosphate-to-phosphate distance (dg) was determined by lamellar diffraction and
found to be 32.1 A and 32.7 A for the gA:DLPC and gA:DMPC mixture, respectively. Assuming
that dy is 10 A less than dg (as commonly assumed for pure bilayers’®7?), it was concluded that /
is about 22 A, in agreement with the former experiment.

Using the CEM model in Eq. (3)* and assuming / ~ 22 A, Eq. (5) predicts AG(IDLPC—DMPC) =
+1.4 kcal/mol. This positive free energy change disagrees with the —2.2 + 0.7 kcal/mol obtained
from the PMF calculation from the US simulations (Fig. 4). Recent MD simulations,3%-31:40.62
however, have shown that the lipid packing adjacent to a gA channel is more complicated than
that assumed in the CEM models, and that the bilayer perturbation is larger in DLPC than in
DMPC.*° The results to date do not, however, specify whether the complex lipid packing reflects
the inherent perturbation of the membrane lipids adjacent to a membrane protein independent of
channel-bilayer hydrophobic mismatch,”® but they raise the question what is the channel’s
hydrophobic length?

To pursue this question, we performed MD simulations (Table 1) for 1) gA channels embedded
in a monopalmitolein (MPLO) bilayer at two gA:lipid molar ratios of 1:160 (similar to the
conditions used by Elliott et al.>?) and 1:20, 2) DLPC and DMPC bilayers at a gA:lipid molar ratio
of 1:10 (similar to the conditions used by Harroun et al.?®), and 3) mixed bilayers of MPLO and
NDEC with an embedded gA channel at two gA:MPLO:NDEC molar ratios of 1:80:80 and 1:10:10.
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The simulations imply that the channel’s hydrophobic length is larger than 22 A as judged by
values of hydrophobic thickness of the first shell (du in Table 3). However, the significant
variation (22.0 to 30.9 A) indicates that dy is an incomplete reflection of the channel hydrophobic
length. Focusing on the channel, the hydrophobic length can be defined as the distance between
the centers of the indole NH groups at Trp positions 11, 13 and 15, which is about 23 A (Table 3).
This value may be referred to as the (protein centric) “molecular hydrophobic length”, /o1, which
is close to 22 A obtained earlier.

The /mo1, however, is not necessarily directly applicable to CEM-like models, where perfect match
between /mol and du at the interfaces and smooth deformation profile are assumed. Therefore, these
models cannot properly describe the complicated profile near the channel, which is seen at all
bilayer thicknesses.?*3*3! Hence, the lack of molecular detail in the CEM leaves / as an adjustable
parameter and the notion of a hydrophobic length extracted from structure (either from experiment
or simulation) is tenuous. Indeed, in the previous MD simulations,*® the bilayer deformation is
minimal for the DMPC (du ~ 25.5 A) among bilayers formed by lipids with different acyl chains
(duPHPC < gyPMPC < gyPOPC ~ @yPOPC) and, in a recent CEM study based on MD-derived
deformation profiles,?® the gA channel’s [ of 26 A was required to reproduce the lipid redistribution
deduced from MD simulations. This hydrophobic length may be referred to as the (bilayer centric)
“effective hydrophobic length” (/fr), which is consistent to the bilayer perturbations from MD
simulations and the CEM. Note that the CEM may contain other contributions than the
hydrophobic mismatch.*?

As the deformation profile (at R > 10 A) and lipid redistribution were successfully reproduced with
a lesr of 26 A7 it is reasonable to assign this value as the upper bound of l of the gA channel.
The lower bound of the effective hydrophobic length can be estimated from the deuterium order
parameter Scp for MPLO tails from the simulations of gA:MPLO (1:160). The shell Scp behave
similarly to those for DLPC tails, such that Scp becomes smaller at the outer shell that approaches
to that of a pure bilayer for a given carbon atom (Fig. 6C). This indicates a positive mismatch
between the L and dy, implying that the et of a gA channel is larger than 24 A (i.e., du of the
bulk MPLO bilayer; Fig. 6B). This agrees with the previously reported shell-average Scp for DLPC
and DMPC bilayers showing less bilayer perturbation in a DMPC bilayer.*® This result, together
with our recent CEM study,?” and the first shell du (~26 A) of phosphatidylcholine bilayers with
negative [-dy mismatch’! together suggest that a legr of 26 A is more appropriate for the gA channel.
With L = 26 A, we estimated AGger = Gae(DMPC) — Gae( DLPC), which ranged from —3.0 to —
2.2 kcal/mol (Table 4). The estimates agree well with —2.2 £+ 0.7 kcal/mol based on the PMF
profile (Fig. 4). Hence, it again verifies that the BBS is applicable for quantitative characterization
of membrane protein-lipid interactions with all-atom details.

Table 4. Membrane deformation free energy from the continuum elastic model.?

H
(kJ/(mol-nm?))

Gef AGqet
(kcal/mol) (kcal/mol)
DLPC DMPC DLPC DMPC
49.0 (1.6)° 21.2(<0.1)¢ 253(<0.1)¢ 2.70(0.20) 0.06 (0.02) -2.6(0.2)
21.7 (0.4)° 25.7 (0.5)° 2.17(0.47) 0.01(0.04) -2.2(0.5)

du (A)
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56 (NA) 212(<0.1)¢ 253(<0.1) 3.08(0.13) 0.07(0.02) -3.0(0.2)
217 (0.4 25.7(0.5)°  2.47(0.46) 0.01(0.04)  -2.5(0.5)

AGger 1s given by Eq. (5). The standard errors of each parameter, Gaer, and AGaer are given in
parenthesis. °From gA channel lifetime experiments in Ref. 31. “From gA channel lifetime
experiments in Ref. 29 (errors are not reported). “From Ref. 66: du defined as the difference
between the average positions of C22 and C33 atoms in two leaflets. °From Ref. 69: du defined as
the difference between the average positions of C22 and C33 atoms in two leaflets.

A model for gA-lipid interactions in the BBS

Now let us return to the PMF profile (Fig. 4). As the lipid adaptation extends up to the third lipid
shell of a gA channel (Figs. 5B and 5C), the free energy of a gA channel in a BBS (G) would
include the contributions from the lipids in these shells. Depending on Xga along the X direction,
these lipids are in various environments: those far from the interfaces between bilayers and/or
those at the interface which is subject to a line tension due to the different bilayer properties (du,
bending and tilt moduli, and spontaneous curvature), including those subject to non-vanishing V' (X)
(Eq. (1)). Considering the lipids in these environments, we model the free energy comprising the
contributions from the bilayer deformation (Gaef), the line tension (Gint), and the restraining
potential (Gres), 1.€., G = Gaer + Gint + Gres (see Sec. A2. Detailed description of the model for
gA-lipid interactions in the BBS).
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Figure 9. Model free energy profile (black) of gA in a BBS of DLPC (X < 0 A) and DMPC (X >
0 A) bilayers, where the contributions from the bilayer deformation (Geer, cyan), line tension (Gin,
blue), and restraining potential (Gres, red) are considered fully in (A), without Gres in (B), and
without Ginc in (C). The free energy profile is shifted so that G(Xga = -39 A) = 0 kcal/mol.

The model PMF profiles are shown in Fig. 9, where the characteristics of the US-PMF profile (Fig.
4) including the width of the plateaus, the barrier at the interfaces between bilayers, and the effects
of V(X) are accurately reproduced (Fig. 9A). While the models including the contribution from the
line tension (Gint) can reproduce the barrier at Xza = 0 A (Figs. 9A and 9B), the contribution from
Gres alone is not sufficient for the barrier (Fig. 9C). Thus, we attribute the barrier at the bilayer-
bilayer interface to the line tension between DLPC and DMPC bilayers. However, it should be
noted that the barrier would not appear for all bilayer-bilayer interfaces. For example, the line
tensions of the DOPC/DPPC and POPC/DPPC interface in our previous BBS work (at 7= 318 K)
were estimated using Eq. (A3) and data from recent MD simulations (at 7= 298 K, 303 K, and

323 K for DOPC, POPC, and DPPC bilayers, respectively; Venable, et al., in preparation) as y =
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2.13x1072 pN and y = 9.84x10 pN, respectively, albeit the temperature dependence of the du, Kc,
and K¢ were not considered. These values are about two orders of magnitude smaller than that
between DLPC and DMPC bilayers, indicating that the barrier would not be observable for the
interfaces between bilayers with similar dn.

Guidelines for binary bilayer simulation

From the model of gA-lipid interactions (Sec. A2 and Fig. 9A) and theoretical consideration of
the BBS, we suggest guidelines for a valid BBS for free energy simulation of membrane protein
(or peptide) translation between bilayers. First, each bilayer should be sufficiently large so that the
perturbed part of the bilayer arising from lipid adaptation to the protein at each bilayer center does
not include the restrained lipids and line tension. For gA, each bilayer should contain at least up to
the third lipid shell and the regions in which restrained lipids from the other bilayer are present.
Second, Xm for V(X) Eq (1) should be set properly for self-adjusted lipid packing. The difference
in X dimension between two bilayers (0Ly, i.e., the shift of the X position of the interface between
two bilayers from X =0 and the others at X=—Lx/2 or X = Lx/2) can be estimated from the following
relation: (Lx/2 + 26Lx)Ly/S1 = (Lx/2 — 26Lx)Ly/S,, as 8Ly = Lx(S1 — S2)/(S1 + S,)/4,
where S; = ¥;cp1 N;A; and S, = ¥, jep, NjA; are the surface area of B1 and B2, respectively, and
i and j are the i-th and j-th lipid types in B1 and B2. Here, it is assumed that S1 > S> without loss
of generality. The limit Xu should be set larger than 5Lx for the BBS to accommodate the self-
adjusted lipid packing but not too large for sharp and regular interfaces. Next, k: should not be set
too small (the distance from Xy that a lipid may penetrate into the other bilayer is 2% « k!, see
Sec. Al). When £; is too small, a lipid in one bilayer can penetrate deep into the other bilayer. The
guidelines for Xwu and 4 for the BBS can be applied to the BBS in general purposes.

VI. Concluding Remarks

We calculated the free energy difference of a gA channel moving from DLPC to DMPC bilayers
using US simulations and the recently developed BBS (consisting of two patches of laterally
contacting bilayers). The free energy profile along Xga shows two clear plateaus in DLPC and
DMPC bilayer sides with a barrier at the DLPC-DMPC interface. The free energy difference
between a gA channel in a DLPC bilayer and in a DMPC bilayer, AG(IDLPC—-DMPC) =-2.2 +
0.7 kcal/mol, which arises from bilayer deformations due to the tightly regulated gA-lipid
interactions at the gA-lipid interfaces. This agrees well with recent MD simulation results showing
that a DMPC bilayer is less perturbed than a DLPC bilayer upon the inclusion of a gA channel.

The obtained AG(DLPC—DMPC) disagrees with predictions using a CEM with the
conventionally accepted gA channel’s / of 22 A, which is close to (protein centric) molecular gA
channel’s /mo1 of ~23 A. Because the CEM cannot properly describe the bilayer deformation in the
first lipid shell, a (bilayer centric) effective / (efr) is introduced, which is consistent with the bilayer
perturbations from MD simulations and the CEM. With a g = 26 A, the deformation energy
difference between two bilayers from the CEM (-3.0 to —2.2 kcal/mol) is in excellent agreement
with the calculated free energy difference.

In addition, using a rather simple model, the characteristics of the calculated PMF profile was

accurately reproduced including the widths of two plateaus, the barrier at the interfaces, and the
effects of the binary bilayer restraining potentials. One important implication of the theoretical
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model is that the translation of a protein or peptide in between two different regions of a cell
membrane (such as between the liquid ordered and disordered phases) may include effects of a
barrier at the interface.

In summary, in addition to cholesterol partitioning simulations,!* the BBS can be applied to
calculate partition coefficients of membrane proteins between two bilayers for quantitative
characterization of protein-lipid interactions. As it allows direct transfer free energy and partition
coefficient calculation of embedded components between two bilayers of any complexity without
a need of a reference medium, the BBS can be an efficient and general simulation model for
protein-lipid interactions with all-atom details.

Appendix

In the appendix, the analytic expressions for Nres, Nhres, and Eres are derived in Sec. Al. Then, a
model for the gA-lipid interactions in the BBS is described in detail in Sec. A2.

Al. The analytic expressions for Nres, Nhres, and Eres of the BBS

In addition to self-adjusted packing, for a valid BBS the interfaces between two bilayers should be
well maintained. Here, we derive the analytical expressions for Nres, Nhres and Eres for a BBS
resulting from the binary bilayer restraining potential V' (X) as follows.

Let us assume that the distribution of restrained lipids along the X direction by V(X) obeys a half-
sided Gaussian distribution (defined at X > Xp),

p(X) = 2/(V2ma) exp[~(X — X,)*/(20%)] (Al)
where X is the starting position of the action of V(X) (effective at X > Xo), and 6 = (ks T/k:)"%. The

p(X) is normalized over the integral from Xo to oo and V(X) = k(X-X0)*/2. Then, the Nres, Nh-res, and
E'es are obtained as

Nres = 260 [, dX p(X) = 2¢, (A2a)
Np—res = 2€o fX°:+20 dX p(X) = Nyeserfc(v2) (A2b)
Eres = 2¢ on: ax V(X)p(X) = NreskBT/Z (A2c¢)

where ¢ is the number density of the lipid in a bilayer along the X direction at X = Xy and erfc(X) =
1 —erf(X) is the complementary error function. It is important to note that these quantities are linear
in co and do not depend on 4. Thus, the ratio of Nres and the number of lipids in a bilayer is inversely
proportional to Lx (and Ly), implying that the effects of V(X) on binary bilayers diminish in larger
system. The restraining energy distribution along X (= V(X)p(X)) has a peak at 2'?c and the
majority (95%) of the lipids (under V(X) < 2kgT) are distributed within 2 from Xo.

A2. Detailed description of the model for gA-lipid interactions in the BBS

Here, we describe a model for gA-lipid interactions in Sec. V in detail. In the model, it is assumed
that G(Xga) includes the contributions up to the third lipid shell of a gA (R3 = 30 A from Xga). It is
also assumed that the free energy comprises the contributions from the bilayer deformation (Gaer),
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the line tension (Gint), and the restraining potential (Gres). Then, the PMF profile of gA in a BBS
in a range of Xga, [-Lx/4, Lx/4], is modeled as:

1) Gqer is the contribution from the bilayer deformation energy far from the interfaces between
bilayers. It is a constant (Ger (B1) and Gqer (B2) in bilayers B1 and B2, respectively) when | Xga| >
R3. The change of Gaer from Xga = —R3 to Xga = R3 is assumed to be proportional to the number of
gA-contacting lipids of B1 or B2, Ncont(B1) or Neon(B2) and is simplified to be linear from one
state to the other based on Fig. 3C;

2) Gint 1s the contribution from the energy due the line tension y along the line segment L of the
B1-B2 interface (i.e., along the Y direction) up to the third lipid shell of a gA (Gint = yL). The line
segment L becomes 0 when |Xga| > R3 and is simplified to decrease linearly from L =2R3to L =0
as Xga changes from 0 A to +R3;

3) Gres is the contribution from the energy due to the restrained lipids up to the third lipid shell.
The restraining energy distribution from B1 (whose X center < 0) is simplified to be a uniform line
density of pB! = EweP!/(2Ly) at X = Xu + 2!%G. Then, Gres from B1 can be approximately described
as Gres®! = pB!LB! where LB! is the line segment along the Y direction at X = Xu + 2" up to the
third lipid shell of a gA. Therefore, LB! becomes 0 when [Xga — (Xum + 2!26)| > R3 and is simplified
to decrease linearly from LB' = 2R3 to LB! = 0 as Xga changes from Xu + 226 to Xm + 2% + Rs.
Gres?? can be modeled similarly.

4) Considering the geometry of the BBS and its periodic images, G has reflectional symmetry,
whose lines of symmetry are Xga = —Lx/4 and Xga = Lx/4 (i.e., centers of each bilayer).

To calculate the model PMF profile for the present study, we used Gaet(DLPC) = 2.17 kcal/mol
and Gaet(DMPC) = 0.01 kcal/mol (i.e., AGger = —2.2 kcal/mol) from the CEM Eq. (3) (Table 4).
The line tension y at the DLPC/DMPC boundary is given by the equation’™

KB KBIKE*KE? 52
Yy = (A3)

n2
\/KglKgl+\/ngng 0

where B1 and B2 represent DLPC and DMPC bilayers, K¢ and Ky are the bilayer bending and tilt
moduli, ¢ is the hydrophobic mismatch between B1 and B2, and /4o is the average hydrophobic
thickness of B1 and B2. Note that the spontaneous curvatures of phosphatidylcholine bilayers are
assumed to be negligible. Using the bending and tilt moduli K¢ = 7.82x1072° J and K9= 58.5 mN/m
for DLPC bilayers and K¢ = 1.02x107"? J and K¢= 32.3 mN/m for DMPC bilayers (at 7= 303.15
K) (Venable, et al., in preparation), and the hydrophobic thicknesses from Ref. 66: du = 21.2 A
and du = 25.3 A for DLPC and DMPC bilayers, respectively, the calculated line tension y = 0.97
pN. Lastly, using E:s"""C = 1.16 kcal/mol, Ews"MPC = 1.06 kcal/mol, and Ly (74.9 A) from the
simulations, the line densities for restraining energy distribution from DLPC and DMPC bilayers
were calculated as pPPC = 7.78x1073 kcal/(mol-A) and pPMPC = 7.06x1073 kcal/(mol-A),
respectively.
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