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ABSTRACT An approach for the efficient simulation of phase-separated lipid bilayers, for use in the calculation of equilibrium
free energies of partitioning between lipid domains, is proposed. The methodology exploits restraint potentials and rectangular
aspect ratios that enforce lipid phase separation, allowing for the simulation of smaller systems that approximately reproduce
bulk behavior. The utility of this approach is demonstrated through the calculation of potentials of mean force for the translation
of a transmembrane protein between lipid domains. The impact of the imposed restraints on lipid tail ordering and lipid packing
are explored, providing insight into how restraints can best be employed to compute accurate free-energy surfaces. This
approach should be useful in the accurate calculation of equilibrium partition coefficients for transmembrane protein partitioning
in heterogeneous membranes, providing insight into the thermodynamic driving forces that control this fundamental biophysical
phenomenon.
SIGNIFICANCE Lateral heterogeneity in lipid membranes has been proposed to play important functional roles in the cell
through the preferential partitioning of proteins that enhances complex formation, enzymatic activity, and signaling.
However, little is currently known regarding the thermodynamics of preferential partitioning of proteins between membrane
domains. Simulation of phase-separated states is challenging due to the large system sizes required. We present a
computational method for efficiently simulating phase-separated systems of smaller size by exploiting both the system
aspect ratio and restraining potentials that stabilize the phase-separated state. The accuracy and efficiency of the method
are established through the calculation of the free-energy landscape for partitioning of a transmembrane protein between
liquid-ordered and -disordered domains.
INTRODUCTION

Lipid membranes composed of a mixture of saturated lipids,
unsaturated lipids, and cholesterol may display lateral hetero-
geneity characterized by the presence of the liquid-disordered
ðLdÞ and the liquid-ordered ðLoÞ domains (1,2). Tightly
packed Lo domains, enriched by cholesterol and saturated
lipids and commonly referred to as lipid rafts, are believed
to play a critical role in membrane function. They are conjec-
tured to preferentially recruit, colocalize, and thereby pro-
mote the formation of functional complexes necessary for
transmembrane signaling andprotein trafficking (3–5).Apro-
tein’s affinity for raft domains has been proposed to depend on
a variety of features of the protein’s transmembrane (TM)
domain, including palmitoylation (6,7), hydrophobic length
(8,9) informing hydrophobic match and mismatch, and sur-
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face area (9). Despite considerable study, our understanding
of the thermodynamic driving forces directing protein parti-
tioning into membrane domains remains incomplete.

Fluorescent imaging experiments have been used to assess
the preference for protein partitioning into ordered raft do-
mains or disordered fluidic domains (9–11). Surprisingly, a
number of proteins previously believed to preferentially
partition into Lo domains appear to prefer Ld domains in
model membrane systems such as giant unilamellar vesicles
(GUVs) or giant plasma membrane vesicles (12,13). In addi-
tion, simulation studies have observed that proteins preferen-
tially partition to the domain boundary rather than bulk Ld or
Lo domains (6,14,15). Taken together, these observations
demonstrate that the factors governing protein partitioning
into membrane domains remain poorly understood. Further
experimental and computational studies are needed to eluci-
date this fundamental biophysical phenomenon.

Calculation of the potential of mean force (PMF), assess-
ing the free energy of translating TM proteins between mem-
brane domains, can provide insight into the thermodynamic
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driving forces responsible for protein partitioning. To do this,
ternary lipid mixtures comprised of a saturated lipid, an un-
saturated lipid, and cholesterol are frequently introduced as
they can exhibit the coexistence of different membrane do-
mains (16). The coexistence of the Ld and Lo domains is
observed in ternary lipid mixtures at intermediate cholesterol
concentrations (10–40 mol %) (17). In addition to lipid
composition, the stability of the phase-separated state of a
lipid bilayer in molecular dynamics (MD) simulations has
been demonstrated to depend on the system size (18–20).
To stabilize a phase-separated state, the enthalpic stabiliza-
tion resulting from lipid partitioning must compensate for
the loss of entropy and the cost in free energy of forming
the interface (21).

The relative ratio of the interface to bulk also impacts the
affinity of proteins for the Lo-Ld domain interface (14). Sim-
ulations of liquid mixtures and liquid-vapor interfaces have
introduced an anisotropy to the dimensions used in the peri-
odic boundary condition to stabilize the phase-separated
state. Lengthening one side of the system creates a principal
axis for phase separation, enhancing the proportion of a sta-
bilizing bulk to a destabilizing interface. This approach is
referred to as the ‘‘slab’’ method (22–25). The introduction
of this anisotropy in the xy plane of lipid membranes en-
hances the bulk area without lengthening the interface,
thereby stabilizing the phase-separated states.

There are several challenges that we must face in assess-
ing the free energy of partitioning a protein between mem-
brane domains in simulation studies. Lipids at the domain
interface explore different conformations than those
observed in bulk domains. Substantial fluctuations of mem-
brane structures cause proteins to adopt different conforma-
tions at the domain interface. Due to the challenge of
sampling protein conformations in bulk domains as well
as at the interface, it has proved challenging to quantita-
tively assess the thermodynamic driving forces defining pro-
tein partitioning using coarse-grained or all-atom MD
simulations. Furthermore, in simulation studies employing
the slab method, the choice of the system’s aspect ratio to
facilitate phase separation has been relatively arbitrary and
has varied among studies (6,8,12,15). Most significantly,
how the membrane structures are affected by changes in
the system’s aspect ratio has not been thoroughly investi-
gated. Therefore, it is essential to systematically investigate
the effect of the system’s aspect ratio on membrane struc-
tures and the associated changes in free energy of partition-
ing between domains.

The change in free energy associated with the partitioning
of gramicidin A between the DMPC and DLPC lipid bilayer
has been assessed by Park et al. in all-atom MD simulations
(15). They employed a 2:1 x:y aspect ratio and a flat-bottom
restraint potential. Within these restrained systems, um-
brella sampling (US) was used to determine the change in
free energy as gramicidin A was translated between the
bulk phases of DMPC and DLPC lipids. While this
2 Biophysical Journal 122, 1–12, January 3, 2023
approach is effective, it is unclear how the use of an aniso-
tropic aspect ratio in the xy plane and a restraint potential
along the x axis to enforce phase separation impacts the re-
sulting free-energy surface. DMPC and DLPC only differ in
their hydrophobic tail length and are expected to have less
frustration in membrane structure at the interface. However,
the Ld-Lo phase-separated bilayer has substantial fluctua-
tions in membrane structures near the domain interface.
Therefore, there is a need to investigate the impact of chang-
ing the xy plane aspect ratio and flat-bottom restraint poten-
tial on the structure of the lipid bilayer and the resulting
PMF.

We present an efficient and effective means of modeling
phase-separated states of ternary component lipid mem-
branes across different length scales. We modulate the fluc-
tuations in membrane structure at the interface by
systematically tuning the system’s aspect ratio. In addition,
we show that better sampling of the PMF for the translation
of protein between domains can be achieved by including a
flat-bottom restraint enforcing the interface and reducing the
extent of fluctuations. We explore how interfacial fluctua-
tions affect the free-energy landscape for partitioning TM
proteins between domains and across domain interfaces.
The dependence of interfacial fluctuations on system sizes
is characterized in terms of macroscopic line tension and
local fluctuations within the length scales of proteins. We
demonstrate limitations in the use of the capillary wave the-
ory (7,14,26–28) for describing interfacial line tension when
the theory is extended to smaller system sizes. The impact of
the system’s aspect ratio and imposed lipid restraint on line
tension and free energy of protein partitioning is systemati-
cally investigated. The proper choice of the system size and
aspect ratio, as well as the use of restraints, allow for
the efficient and accurate calculations of the free energy
of partitioning protein between domains of phase-separated
membranes.
MATERIALS AND METHODS

MD simulation

A ternary mixture composed of saturated lipids, unsaturated lipids, and cho-

lesterols was used to investigate the phase-separated lipid bilayer. The

MARTINI2.2 force field (29,30) was used to simulate coarse-grained lipid

bilayers containing a TM protein using the GROMACS 2018.3 package

(31,32). The initial bilayer configuration was built from the lipid mixtures

of di-C 16:0 PC (1,2-di-palmitoyl-sn-glycero-3-phosphocholine [DPPC]),

di-C 18:2/18:2 PC (1,2-dilinoleoyl-sn-glycero-3-phosphocholine [DIPC]),

and cholesterol (CHOL) at 40:40:20 mol % with the insane.py script (33).

We chose the smallest system size to be Lx ¼ 22:4, Ly ¼ 11:2 nm (900

lipids) as this system size is comfortably above the critical system size (see

Fig. S1) needed to establish stable phase-separated states in Lx ¼ Ly sys-
tems. In addition, this choice determines the interface orientation, as the

interface forms parallel to the y axis to minimize the length of the interface

and free-energy cost of forming the interface. By defining Lx to be longer

than Ly, the interface forms parallel to the y axis to lower the line tension.

The system sizes employed range from 900 to 2700 lipids with different



FIGURE 1 Simulation snapshots of different system sizes and aspect ratio investigated in this study. trLAT is colored in yellow, DPPC in blue, DIPC in red,

and CHOL in white. Lx and Ly in the figure denote the equilibrium box dimensions along the x and y axis. The total number of lipids ðNÞ is given at the bottom
right of the snapshot of each system. To see this figure in color, go online.
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lateral sizes Lx and Ly, as shown in Fig. 1. All systems exhibit stable phase

separation.

The lipid bilayer was solvated with approximately 12 nonpolarizable

MARTINI water particles per lipid. In order to avoid water freezing, 10%

of water particles were modeled with antifreeze parameters. A 150 mM

salt concentration was used to model physiological conditions. As a model

TM protein, the TM domain of the linker for activation of T cells (trLAT)

was used. MARTINI parameters for the secondary structure of trLATwere

chosen following the previous work of Gorfe and Levental (6). The leap-

frog integration method with a 25 fs timestep was used for NPT simula-

tions. A velocity rescaling thermostat was used with 1.0 ps coupling

time, and the temperature was set to 295 K (34). A semi-isotropic Berend-

sen barostat with 2.0 ps coupling time and 3 � 10�4 bar�1 compressibility

was used (35). Other simulation parameters correspond to the ‘‘new-rf’’

setting described on the MARTINI website (36).

We performed conventional MD simulations with five replicates of each

system for 20 ms. The last 4 ms portion of each trajectory was used to

analyze the lateral structure and tail ordering of lipids and characterize

the Ld=Lo interface. In order to calculate the PMF of trLAT across the

Ld-Lo domain interface, US simulations were performed. The reaction co-

ordinate was defined as a distance between the center of mass (COM) of

trLAT and the COM of total DIPC lipids. A harmonic bias potential with

force constant 1000 kJ mol�1 nm�2 was used, with umbrella windows sepa-

rated by 0.2 nm. A 4 ms production run was performed for each umbrella

window, following 500 ns of equilibration. The biased probability density

obtained from US simulations was unbiased by using the weighted histo-

gram analysis method (37,38).
Imposition of lateral and normal restraint
potentials

As the system size and the lateral aspect ratio Lx=Ly increases, the lipid

bilayer exhibits larger undulations. The bending of the bilayer at the domain
interface substantially distorts the interfacial region. To characterize how

the interfacial fluctuations vary with system sizes, we impose a weak har-

monic restraint along the z-coordinate positions of a quarter of the DPPC

and DIPC molecules in the upper leaflet throughout the simulations to sup-

press long length scale undulations (see Fig. S2). PO4 beads of randomly

chosen lipid molecules were restrained to their average z positions using

a harmonic potential with a force constant of 2 kJ mol�1 nm�2. This re-

straint has previously been used for large bilayer systems that exhibit sub-

stantial undulations (39,40).

In order to modulate fluctuations of the domain interface, PO4 beads of

DPPC and DIPC were restrained using a flat-bottom restraint along the x

coordinate (see Fig. 2 b). The potential defining this flat-bottom restraint

VðXÞ was

VðXÞ ¼ 1

2
kf b

�
X � Xf b

�2
H
�
X � Xf b

�
; (1)

where Xfb is the half width of the flat portion of the potential and kfb is the

force constant, which was set to 100 kJ mol�1 nm�2. X ¼ ��xi � xref
�� is the

x distance between the position of the i th lipid xi and the reference position

xref , defined to be the COM of the Lo region for DPPC or the Ld region for

DIPC. To determine Xfb, we calculated the average width of the Lo domain

ðXLo Þ and the Ld domain ðXLd Þ. Xfb was set to XLo=2þ D for DPPC and

XLd=2þ D for DIPC, where the additional width D ¼ 5 Å was added to

avoid additional lateral packing caused by the flat-bottom restraint.

Fig. 2 a and b show representative snapshots of the lipid bilayer with and

without the flat-bottom restraint potential. Fig. 2 d shows that interfacial

fluctuation of the lipid bilayer in the presence of the flat-bottom restraint

potential is greatly reduced compared with the bilayer in the absence of

the potential. Fig. 2 e and f show the time evolution of a given interfacial

line for 1 ms. Without the flat-bottom potential, significant numbers of

DIPC lipids are observed in the Lo domain and DPPC lipids are observed

in the Ld domain. The interface fluctuates significantly as time evolves.
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FIGURE 2 (a and b) Simulation snapshots of a

lipid bilayer system composed of 900 lipids (a)

without and (b) with a flat-bottom restraining po-

tential. (c) The density field rðx; yÞ derived from

DIPC coordinates of (a). The two black lines repre-

sent the instantaneous interfaces. (d) The height of

the interfacial fluctuations hðyÞ in the phase-sepa-

rated bilayer with and without the flat-bottom re-

straint with D ¼ 5 Å and 100 kJ mol�1 nm�2.

(e) and (f) show the change of a single interfacial

line between t ¼ 0 to 1 ms in the presence and

absence of a restraining potential. To see this figure

in color, go online.
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This mixing is expected to impact packing at the very center of the Ld and

Lo domains. The restraint potential prevents lipid mixing within domains,

allowing for mixing to occur only in the neighborhood of the domain inter-

faces in the absence and presence of the restraining potential, respectively.

The interfacial lines are constantly changing as time evolves, but fluctua-

tions are limited to be within 1 nm, similar to the size of a lipid.
Characterization of the domain interface

In order to determine the instantaneous interface between the Ld and Lo do-

mains, we employed the Willard-Chandler algorithm for identifying inter-

faces. We projected the coordinates of the D2A and D2B tail beads of the

DIPC lipids (depicted as red dots in Fig. 2 c) onto the xy plane. A coarse-

grained density field r was created based on the tail beads of DIPC (D2A

and D2B):

rðr; tÞ ¼
X
i

4ðjr � riðtÞjÞ; (2)
where

4ðrÞ ¼ 1

2px2
exp

� � r2
�
2x2

�
: (3)
riðtÞ is the x and y coordinate of the ith particle at time t. The coarse-grain-

ing length x, defining the Gaussian width, was set to 1.2 nm. The interface at

time t was defined as the set of points s where rðs; tÞ ¼ 1:4 nm�2, which is

the average value of the density field in the Ld and Lo domains. The density

field was computed on a two-dimensional grid with a lattice spacing of

0.2 nm. 4ðrÞ was truncated and shifted to be zero at r ¼ 3x. The interface

was aligned along the y axis to minimize the line tension as Lx R Ly .
4 Biophysical Journal 122, 1–12, January 3, 2023
Calculation of interfacial line tension

Fluctuations of the domain interface were quantified in terms of the inter-

facial height fluctuation hðyÞ (Fig. 2 d). The sum across the interfaceP
ihðyiÞ was set to 0 by definition. The line tension was determined using

the power spectrum

HðkÞ ¼ 1

Ly

Z Ly

0

dyhðyÞe� iky: (4)
According to the capillary wave theory, the line tension l is defined by

the relation

CHðkÞHð � kÞD ¼ CjHðkÞj2D ¼ kBT

lLyk2
; (5)
where k ¼ 2pn=Ly. We computed l through the linear regression of

CjHðkÞj2D versus k� 2 using the first four wave modes with n ¼ 1 to 4 cor-

responding to the four longest wavelengths.

We measured local fluctuations of the interface by dividing the interface

into slabs of l nm and computed the root-mean-square fluctuations dhðlÞ

dhðlÞ ¼ 1

Ly

Z Ly

0

dy

�
1

l

Z yþl

y

ds
�
hðsÞ � h�y;l

i2�
; (6)
where h�y;l is the average of the interfacial height fluctuation h between y and

yþ l, i.e., hy;l
� ¼ 1

l

R yþl
y dshðsÞ. It shows how significant the interfacial

fluctuations are within the length scale of l nm, for example,

dhðl ¼ 2nmÞ reports on averaged fluctuations of an interface of 2 nm

length, and dhðl ¼ LyÞ is a measure of fluctuations across the full width

of the system.
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Assessing lateral location and tail ordering of the
lipids

The relative degree of ordering of lipid tails parallel to the bilayer normal

was measured using the liquid crystal order parameter defined

Pk
2 ¼ 1

2
C3cos 2qk � 1D; (7)

where qk is the angle between the tail vector of the kth lipids and the bilayer

normal vector. The lipid tail vector extends from GL1 (GL2) to C2A (C2B)

for DPPC and from GL1 (GL2) to D2A (D2B) for DIPC. Lipid tail groups

were defined by C2A and C2B for DPPC, D2A and D2B for DIPC, and the

centroid of R1, R2, R3, R4, and R5 for CHOL. Due to rapid flip flopping

between leaflets, it was necessary to assign CHOL molecules to the upper

or lower leaflet at each time frame. Each CHOL molecule was assigned to

the upper (lower) leaflet if the distance between the head group of DPPC or

DIPC (PO4 bead) in the upper (lower) leaflet and of CHOL (ROH bead) was

within 1.5 nm.

The lateral packing of lipids was quantified by using the two-dimensional

bond-orientational order parameters j6 defined

jk
6 ¼ 1

6

X6

l˛ nnðkÞ
ei6qkl : (8)

The coordinates of the kth tail particle and its six nearest neighbors

ðl ˛ nnðkÞÞ were used to find a plane of best fit and then projected onto

that plane. qkl is the angle between an arbitrary reference vector and a vector

connecting k and l in the plane. The reference vector was chosen as the pro-

jection of a vector~r ¼ (1,0) onto the plane of best fit. The averaged bond

orientational order parameter jj6j has a maximum value of 1 when the near-

est neighbors present a perfect hexagonal packing.
FIGURE 3 Characterization of the lipid structure and ordering across the interf

The size of system is Lx ¼ 22:4 and Ly ¼ 11:2 nm. (a) P2 values of lipids for

function of the distance from the interface ri. (c) jj6j values of lipids for the sam
distance from the interface ri. Error bars represent standard deviations. To see t
In order to show how the lipid tail ordering and lateral packing change

across the domain, P2 and jj6j were calculated and plotted as a function of

ri, which is the distance of a lipid tail particle to the closest interfacial line

on the xy plane. When a tail particle lies on the interface, ri is equal to 0. ri
is negative (positive) value when a lipid is in the Ld ðLoÞ domain.
RESULTS

Lipid structure depends on system’s aspect ratio

We assessed the tail ordering and lateral packing of lipids
using P2 and jj6j order parameters, respectively. Fig. 3 a
and c depict the instantaneous P2 and jj6j values of individ-
ual lipids in the smallest system having (Lx, Ly) ¼ (22.4,
11.2 nm) not subject to the flat-bottom restraint at 295 K.
P2 and jj6j are shown as a function of ri (Fig. 3 b and d),
demonstrating how the bilayer structure changes on ap-
proaching the domain interface.

P2ðriÞ converges to a constant value at large jrij, corre-
sponding to the bulk domain. DIPC has P2z0:4 in the Ld
domain (negative ri). DPPC has P2z0:9, reflecting the
high degree of ordering of lipids in the Lo domain (positive
ri). Near the interface, DIPC shows a higher tail ordering
than observed in the Ld domain, and P2 reaches up to 0.5.
An increase in the population of neighboring DPPC lipids
induces a modest degree of order in the DIPC lipid tails.
Similarly, lipid molecules have a constant jj6j value at the
domain center (see Fig. 3 d). Lipid packing as measured
by P2 and jj6j is observed to undergo significant changes
ace in DPPC:DIPC:CHOL 40:40:20 bilayer at 295 K not subject to restraint.

a representative snapshot are shown on the xy plane. (b) P2 is plotted as a

e snapshot are shown on the xy plane. (d) jj6j is plotted as a function of the
his figure in color, go online.
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specifically in the range �2 nm < ri < 3 nm (in terms of P2)
and �1 nm < ri < 3 nm (in terms of jj6j). From those
changes, we consider the interfacial region to be between
4 and 5 nm in width.

It is noticeable that lipid structures change up to a few
nanometers from the interface. The area associated with
the interface is substantial given that the interface itself
has fluctuations on the order of a few nanometers. For the
2:1 x:y aspect ratio, we observed the interfacial height
hðyÞ to fluctuate around �2 to 1.5 nm (Fig. 2 d). We esti-
mated the root-mean-square fluctuation dh ¼

ffiffiffiffiffiffiffiffi
Ch2D

p
, which

depends on Ly, to be 0.90 nm for system size Lx ¼ 22:4 and
Ly ¼ 11:2 nm. This implies that a substantially longer x
axis is necessary to allow for lipid order representative of
a bulk phase to manifest at the center of each lipid domain.

Fig. 4 depicts variations in bilayer structure with respect
to system sizes in the x and y directions. Surprisingly, chang-
ing Ly had no impact on the tail ordering and lateral packing
of DPPC. Fig. 4 a and b show the P2ðriÞ and jj6jðriÞ profiles
of DPPC with fixed Lx. The P2 and jj6j profiles of DIPC and
CHOL also show no change with respect to Ly (see Fig. S3).
6 Biophysical Journal 122, 1–12, January 3, 2023
In contrast, as shown in Fig. 4 c and d, changing Lx causes
the P2 of DPPC and DIPC to converge to different bulk
values at different system sizes in the Lo and Ld domains,
respectively. These observations confirm that DPPC be-
comes more ordered in the Lo domain and DIPC becomes
more disordered in the Ld domain as the system’s dimension
perpendicular to the interface becomes larger.

Lateral packing of DPPC and CHOL in the Lo domain,
measured in terms of jj6j, is shown in Fig. 4 e and f. A
higher degree of lateral ordering is observed for larger sys-
tems, but the impact on jj6j is less than observed for P2.
Similar values of P2 and jj6j are measured for Lx ¼ 28:0
and 33.6 nm in the bulk region, indicating convergence to
bulk values for larger system sizes. The full range of the
P2 and jj6j profiles are presented in Fig. S4.
System size and aspect ratio can tune interfacial
fluctuations

We measured the height of fluctuations in a local region of
length l of the interface dhðlÞ (see Fig. 5). This quantity
FIGURE 4 Lipid ordering is sensitive to changes

in Lx but largely independent of changes in Ly.
Structural order parameters are plotted as a func-

tion of the distance from the interface ri for

different systems sizes in simulations not subject

to restraints. Red and blue region indicate the Ld
and Lo domains. (a and b) Systems with fixed

Lx ¼ 22:4 nm (a) P2 of DPPC, (b) jj6j of DPPC,
and (c) P2 of DPPC. (c–f) Systems with fixed

Ly ¼ 11:2 nm (c) P2 of DPPC, (d) P2 of DIPC,

(e) jj6j of DPPC, and (f) jj6j of CHOL. To see

this figure in color, go online.
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measures the average local fluctuations of the interface.
When changing Ly with fixed Lx ¼ 22:4 nm (Fig. 5 a), there
is little change in the fluctuations for small l. The longest
length-scale fluctuations are bounded by the length Ly. As
such, systems with larger Ly support longer length-scale
interfacial fluctuations.

On the other hand, when changing Lx with fixedLy ¼ 11:2
nm (Fig. 5 b), smaller fluctuations are observed at all length
scales in large Lx systems. This indicates that the interfacial
fluctuations are affected by the area of the bulk domain along
the axis perpendicular to the interface. Similar to the P2 and
jj6j profiles in Fig. 4, the variation in the dhðlÞ curves with
respect to Lx decreases as Lx increases, suggesting that the
interfacial height eventually converges to the bulk value.

The trends in interfacial fluctuations at different length
scales with respect to system sizes are not fully described
by the line tension. Table 1 shows the line tension measured
using capillary wave theory. The measured line tension in-
creases with increasing Ly at constant Lx. Based on Fig. 5
a, it is expected that 1) short-range fluctuations are indepen-
dent of Ly and 2) long-range fluctuations are suppressed in
smaller Ly systems, consistent with a higher line tension.
Since the capillary wave theory is based on only the four
longest wavelength modes, estimating a line tension from
the dependence of CHðkÞHð � kÞD on the wave mode k, the
extent of the line fluctuations seen in dhðlÞ are not fully ac-
counted for. l is observed to increase with increasing Lx. As
shown in Fig. 5 b, the fluctuations at all length scales
decrease with increasing values of Lx.
PMF calculations at different system sizes

The PMF for the translation of the COM of trLAT between
membrane domains was computed. At all system sizes, the
minimum in the PMF was located at the interface. The ver-
tical dashed lines in Fig. 6 b and c indicate the average loca-
tion of the interfacial lines for each system. These results are
consistent with our earlier observations (14) of the strong
preference of trLAT to be localized at the interface (see
Fig. 6 a). Given the free-energy bias of 4–8 kBT for the inter-
face, it is unlikely that trLATwould be observed in the Lo or
Ld domains in unbiased MD simulations employing system
sizes used in this study.

Fig. 6 b shows the PMF of two systems, at constant
Lx ¼ 22:4 nm and two values of Ly ¼ 11:2 or 22.4 nm,
in the absence of the interfacial flat-bottom restraint poten-
tial. We observe that trLAT is localized on the Ld side of the
domain interface. We attribute this to enthalpically favor-
able lipid tail packing in the Lo domain that acts to exclude
proteins, as observed previously in conventional MD simu-
lation (6,12). The calculated PMF appears to be insensitive
to variation in Ly. The lateral extent of trLAT in our simula-
tion, measured by the radius of gyration in the xy plane, is
about 1.1 nm. As such, the protein senses only short-range
fluctuations on the length scale of a few nm. For those sys-
tems, the short-range fluctuations were observed to be the
same regardless of Ly at fixed Lx (see Fig. 5). We observe
that the minimum in the PMF varies greatly with system
size Lx (see Fig. 6 c), with fluctuations in the interface being
smaller in the larger Lx systems.

PMFs computed in systems not subject to the flat-bottom
restraint do not manifest a plateau in free energy in the Lo re-
gion. The interfacial region over which P2 and jj6j vary is as
wide as 5 nm. In fact, it can be even wider, as the interface
itself has fluctuations up to 1 nm. For the smallest system
sizes (Lx ¼ 22:4 and Ly ¼ 11:2 nm), the width of the Lo
domain is roughly 10 nm, leaving little bulk Lo domain. In
addition, in the Lo domain, the protein makes strong contact
with DIPC. Due to the high degree of lateral packing in the Lo
domain, the DIPC lipids and protein have significant interac-
tion. Large fluctuations of the interface in restraint-free sys-
tems allow the protein near the interface to contact DIPC,
driving the formation of a distorted interfacial region as de-
picted in Fig. 8 a. The substantial increase in free energy
as the protein is translated into the Lo domains is consistent
with observations from prior simulation studies (7,14,26–28).
FIGURE 5 (a and b) The root-mean-square fluc-

tuations dhðlÞ as a function of l for varying (a) Lx
and (b) Ly. Interfacial fluctuations at all length

scales are impacted by a change in Lx and the width

of the interface. Error bars represent standard devi-

ations. To see this figure in color, go online.
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TABLE 1 The line tension l measured using capillary wave theory

Lx (nm) 22.4 28.0 33.6

Ly (nm) 11.2 16.8 22.4 11.2 16.8 22.4 11.2 16.8 22.4

l (pN/nm) 6.1 5 1.7 7.8 5 2.1 8.0 5 2.8 8.3 5 3.0 8.8 5 2.3 12.1 5 6.4 9.0 5 1.9 11.6 5 2.9 18.4 5 6.0
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By employing a flat-bottom restraint, we can significantly
reduce the interfacial fluctuations and modulate lipid struc-
ture near the interface as well as in bulk domains. Fig. 7
shows the bilayer structure and interfacial fluctuations for
a small system with Lx ¼ 22:4 nm (900 lipids) and a large
system with Lx ¼ 28:0 nm (1350 lipids). In the absence of
restraints, the bulk P2 value was diminished in the small sys-
tem. However, by employing restraints, we can induce
higher lipid tail ordering in the small system, making the
measured bulk P2 value close to that of the large system.
Considering variations in P2 and jj6j, we conclude that
the smaller system with a flat-bottom restraint shows good
agreement with the large system.

By imposing the potential restraint, the interfacial fluctu-
ation is significantly suppressed, and interfacial line fluctu-
ations become less sensitive to Lx (see Fig. 7 c). The use of
the flat-bottom restraint also prevents distortions of the
interface due to protein-DIPC contacts in the Lo domain
(see Fig. 8 b). The small fluctuations at the interface stabi-
lized by the flat-bottom restraint allow the bilayer to mani-
fest bulk domains. In addition, the restraint potential aligns
the interface and makes the interfacial region more uniform.
As such, we observe that the PMF reaches a plateau, in both
the Ld and Lo domains, when applying the flat-bottom re-
straint (see Fig. 8 c). The minimum in the PMF is observed
to decrease as Lx is increased, with the minimum in the PMF
being similar to that observed in the large system.
8 Biophysical Journal 122, 1–12, January 3, 2023
DISCUSSION

At macroscopic length scales, the partition coefficients of
proteins will be determined by the free-energy difference
associated with moving protein between bulk domains. In
experiments, partitioning is assessed by measuring the rela-
tive population of protein tagged with a fluorescent marker
in phase-separated model membrane systems (9–11). In
GUV experiments, trLAT is observed to be partitioned into
the Ld domain (41). In MD simulation studies, proteins
tend to accumulate at the Lo-Ld interface. The finite size
of the simulation system contributes to this discrepancy
because the ratio of the interfacial length to the bulk area
is artificially large in conventional MD simulations. Given
that the length scale of lipid raft domains ranges broadly
from a few to several hundred nanometers (42–46), it is
important to consider how finite system size impacts a pro-
tein’s partitioning.

We hypothesize a three-state model for the PMF by
dividing the system into three regimes: Lo domain, Ld
domain, and the interface (see Fig. 9 a). The simulation
data for the PMF (red squares) is extended toward the
bulk (black solid lines), allowing us to postulate the ther-
modynamic limit of the PMF computed in MD simula-
tions. The PMF is expanded from x ¼ � L to L, where
2L is the hypothetical system size along the x axis. The
interface is in between xd and xo, and x ¼ 0 is the average
FIGURE 6 (a) Simulation snapshots of trLAT

(yellow) located at the domain boundary. DPPC,

DIPC, and CHOL are represented as blue, red,

and white beads. (b and c) The PMFs obtained

from umbrella sampling simulations are plotted

for different (b) Ly and (c) Lx . Both the position

and depth of the minimum are sensitive to changes

in Lx and the interfacial width. To see this figure in

color, go online.



FIGURE 7 (a and b) P2 (a) and jj6j (b) profiles for DPPC lipids in phase-separated ternary lipid bilayers with and without the restraint potential. (c) The

interfacial height fluctuation dhðlÞ is plotted for bilayers with and without the flat-bottom restraint potential. Fluctuations in the presence of the restraint are

reduced and largely independent of Lx and interfacial width. To see this figure in color, go online.
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position of the interface in simulations. The red dashed
box in Fig. 9 a extends over half of the system size of
the simulation.

Fig. 9 b and c show the length of the interface (linterface)
and the free-energy difference between the Ld and Lo do-
mains ðDWdoÞ from the extended PMF computed at
different system sizes Lx and in the presence of the restraint.
linterface and DWdo extracted from the hypothesized macro-
scopic PMF vary significantly with system size.

This is an artifact of the finite size of the system that man-
ifests significant fluctuations compared with the overall sys-
tem size. As discussed in Fig. 8, the system in the absence of
the restraint potential exhibits a continuous increase of free
energy in the Lo domain due to enhanced lipid packing and
substantial distortion of the interface. As such, linterface rea-
ches up to values comparable to half of the system sizes Lx,
implying that the true bulk region of each domain hardly ap-
pears in the simulations. On the other hand, linterface of the
restrained membrane system of Lx ¼ 22:4 nm is approxi-
mately half that of the system of the same size in the absence
of the restraint. This reduces the artifact that arose from the
system size dependence and leads to values of DWdo that are
not affected by the interface distortion. The distorted inter-
face and displaced lipids do not readily relax within the
simulation timescale. As such, the energy penalty associated
with the interfacial distortion accumulates as the protein
moves toward the center of the Lo domain. This results in
an abnormal increase in DWdo, apparent in the asymptotic
value of the PMF. This emphasizes how the use of the re-
straining potentials acts to stabilize the bulk Lo region, in
small systems, and prevent nonequilibrium distortion of
the interface in large systems.

The discrepancy between partitioning in MD simulations
and GUVs was previously suggested to occur due to the
saturation of the interface with proteins at high concentra-
tions (6). In this work, we add additional detail to this theory
by characterizing the thermodynamic equilibrium of protein
partitioning using a three-state model with varying system
sizes. In the three-state model analysis, we employed the
PMF of the system having Lx ¼ 22:4 and Ly ¼ 11:2 nm
in the presence of restraints. We further assumed that
PMF remains unchanged regardless of the increase of pro-
tein concentration in the membrane.

Most prior simulation studies of protein partitioning have
evaluated the PMF for a single protein moving between do-
mains across an interface. A minimum in the free energy is
typically observed to be located at the interface. For smaller
systems sizes, such as those commonly employed in MD
simulations, the areas of the bulk domains are small, and
the probability of observing the protein at the interface is
FIGURE 8 (a and b) Snapshots from the um-

brella sampling simulation of ternary phase-sepa-

rated lipid bilayers with Lx ¼ 33:6 and

Ly ¼ 11:2 nm both (a) without and (b) with the

flat-bottom restraint potential. In the dashed region,

we observe a strong interaction between protein

and DIPC lipid molecules. (c) The computed

PMF is shown with and without the flat-bottom re-

straint potential. The position of the minimum in

the PMF is largely independent of the restraint,

while the depth of the minimum is consistent

with that observed in the large systems. To see

this figure in color, go online.
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FIGURE 9 (a) Extended PMF curves for the three-state model in our smallest system Lx ¼ 22:4 and Ly ¼ 11:2 nm without the restraint. Red squares are

simulation data, and black solid lines indicate the hypothesized PMF expanded toward � L to L. Red, blue, and purple indicate the Ld , Lo, and the interface,

respectively. (b and c) The length of the interface (linterface) (b) and the free-energy difference ðDWdoÞ (c) for different simulations are shown. (d) A schematic

of protein partitioning in the three-state model is shown. Yellow disks represent proteins. Of the total number nprot proteins, nsat proteins saturate the interface,

while the remainder are partitioned to either the Ld or Lo domains. (e and f) The probability of each state (Ld , Lo, and the interface) is shown for which (e) the
total number of proteins nprot changes with fixed nsat ¼ 5 and 2L ¼ 22:4 nm and (f) the system size 2L changes with fixed nsat¼ 5 and protein number

density nprot/2L ¼ 0.4 nm�1. To see this figure in color, go online.
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high. However, as the area of the bulk domains grows, the
probability of a protein being observed at the interface di-
minishes. In the thermodynamic limit, as the bulk domains
scale as the square of the system size, while the interface
scales linearly with system size, the probability of observing
the protein at the interface becomes negligible compared
with the bulk domains. Fig. 9 d shows a schematic figure
of the model where nprot is the total number of proteins
and nsat is the maximum number of proteins at the interface
saturating the interface. The probability of each state for a
single protein was computed as

pd ¼ 1

Z

Z xd

� L

e�DWðxÞ=kTdx

pi ¼ 1

Z

Z xo

xd

e�DWðxÞ=kTdx

po ¼ 1

Z

Z L

xo

e�DWðxÞ=kTdx

Z ¼
Z L

� L

e�DWðxÞ=kTdx

: (9)

We calculated the probability pj of d, i, and o states for a
protein j. We limit the maximum number of proteins at the
interface ðnsatÞ so that ðnprot � nsatÞ proteins can be parti-
10 Biophysical Journal 122, 1–12, January 3, 2023
tioned between the Lo and Ld domains. The partitioning
probability of proteins are calculated as the average over
total nprot proteins, i.e., Pd ¼ CpjdD, Pi ¼ CpjiD, and Po ¼
CpjoD.
Fig. 9 e shows how the probabilities change with respect

to the total number of proteins in the membrane. As the
system size is fixed to 2L ¼ 22:4 nm, which is equivalent
to that of the original MD simulation, increasing nprot in-
creases the protein concentration of the system. Given
that the lateral radius of gyration of trLAT is 2Rgz2:2
nm and Ly (the axis parallel to the interface) is 11.2 nm,
we take nsat ¼ 5. When the total number of proteins is
less than nsat, all proteins are observed to be located at
the interface ðPi z1Þ, as the protein is stabilized most at
the interface. Pd and Po increase once nprot exceeds nsat.
For the case of 1800 lipids in the system of Lx ¼ 22:4
and Ly ¼ 11:2 nm, nprot ¼ 9 corresponds to the protein/
lipid ratio 1/200, which is frequently used in experiments.
Pi and Pd become comparable at this point even in a sys-
tem size that is small compared with GUVs employed in
experiments, which are on the order of tens of mm. The
probability at the interface decreases rapidly as the protein
concentration increases.

The high interface/bulk ratio of the simulations also con-
tributes to the observed discrepancy of protein partitioning
in experiments and simulations. The ratio of the interface
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to the bulk area for lipid bilayer simulations with a box
dimension L would be O ðL=L2Þ, and for GUV of a radius
r, there is similar scaling as O ðr=r2Þ. Fig. 9 f shows how
the probabilities change with the system size 2L. The total
number density of protein was held constant to mimic the
experimental conditions of a 1:200 protein:lipid ratio. We
postulate that the system expands in the x dimension only,
thus nprot scaled linearly with L, such that nprot=2Lz 0.4
molecule/nm. The probability at the interface Pi becomes
effectively zero at 2L> 1 mm despite the large free-energy
difference of �5 kT between the interface and the Ld
domain. These results demonstrate that while we expect to
see saturation of the interfacial region with proteins in
smaller system sizes, the relative population of protein at
the interface diminishes with increasing system size as
more protein enters the bulk regions, establishing the equi-
librium partition coefficient of protein between the Lo and
Ld domains. These results of the three-state model provide
an explanation for the seemingly inconsistent partitioning
tendency in experiments and simulations. Even if proteins
prefer the interface at the single-molecule level, the larger
number of proteins causes saturation of the interface,
thereby the preferential partitioning to the interface is
underestimated in experiments.
CONCLUSION

The preferential partitioning of TM proteins between
distinct lipid domains in phase-separated membranes has
been conjectured to play a critical role in a variety of funda-
mental biophysical processes, including facilitating cell
signaling, enabling concerted enzymatic reactions, and
facilitating protein assembly and amyloid aggregation.
While simple rules related to hydrophobic mismatch capture
some elements of preferential protein partitioning, predic-
tions are often at odds with experiments. Detailed simula-
tions of protein partitioning, from which one may
compute the PMF and partition coefficients for the transla-
tion of proteins between domains, have proved challenging
for two reasons. System sizes required for the simulation of
stable phase-separated states are prohibitively large. In addi-
tion, the sizes of fluctuations of the protein interface, on the
scale of the proteins themselves, make it difficult to clearly
define the interfacial region and the separate Lo and Ld do-
mains. As such, to date, it has not been possible to quantita-
tively predict equilibrium partition coefficients and the
underlying free energies using computer simulation.

In this work, we have explored methods for the efficient
simulation of phase-separated lipid bilayers for the purpose
of computing free-energy differences for the partitioning of
TM proteins between distinct membrane domains. We
exploit the use of flat-bottom potential energy functions to
create stable phase-separated states for small lipid numbers
and rectangular aspect ratios, which reduce the interfacial
length and thereby enhance the stability of the phase-sepa-
rated states. A thorough evaluation of the lipid structure,
in terms of tail order and headgroup packing, allows us to
assess the impact of the imposed restraints on the state of
the bilayer. We demonstrate that in the presence of appro-
priate restraints, small system sizes can display stable
phase-separated states with interfacial fluctuations and
bulk domain structures consistent with those of larger sys-
tems in the absence of restraints. As such, the proposed
methodology can be used to address the current need to
compute free energies of protein partitioning and associated
partition coefficients. This opens the door for studies de-
signed to critically examine the conjectured role of prefer-
ential partitioning of proteins to membrane domains in
supporting membrane protein functions.
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