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ABSTRACT Cellular membranes are laterally organized into domains of distinct structures and compositions by the differential
interaction affinities between various membrane lipids and proteins. A prominent example of such structures are lipid rafts, which
are ordered, tightly packed domains that have been widely implicated in cellular processes. The functionality of raft domains is
driven by their selective recruitment of specific membrane proteins to regulate their interactions and functions; however, there
have been few general insights into the factors that determine the partitioning of membrane proteins between coexisting liquid
domains. In this work, we used extensive coarse-grained and atomistic molecular dynamics simulations, potential of mean force
calculations, and conceptual models to describe the partitioning dynamics and energetics of a model transmembrane domain
from the linker of activation of T cells. We find that partitioning between domains is determined by an interplay between pro-
tein-lipid interactions and differential lipid packing between raft and nonraft domains. Specifically, we show that partitioning
into ordered domains is promoted by preferential interactions between peptides and ordered lipids, mediated in large part by
modification of the peptides by saturated fatty acids (i.e., palmitoylation). Ordered phase affinity is also promoted by elastic ef-
fects, specifically hydrophobic matching between the membrane and the peptide. Conversely, ordered domain partitioning is dis-
favored by the tight molecular packing of the lipids therein. The balance of these dominant drivers determines partitioning. In the
case of the wild-type linker of activation of T cells transmembrane domain, these factors combine to yield enrichment of the pep-
tide at Lo/Ld interfaces. These results define some of the general principles governing protein partitioning between coexisting
membrane domains and potentially explain previous disparities among experiments and simulations across model systems.
INTRODUCTION
Mammalian membranes are laterally heterogeneous, being
partitioned into a variety of lateral domains by a myriad
of protein- and lipid-mediated interactions. One example
of such partitioning is the proposed self-aggregation of
certain membrane lipids into transient, relatively ordered
membrane domains, termed ‘‘lipid rafts.’’ (1,2) The prevail-
ing model for the physical and chemical principles underly-
ing raft formation is the coexistence of Lo (raft-analogous)
and Ld (nonraft) domains in various model membranes,
including planar lipid bilayers (3–5), lipid monolayers
(6,7), giant unilamellar vesicles (GUVs) (4,8,9), and giant
plasma membrane vesicles (GPMVs) (10,11). The composi-
tion of the former three synthetic model membranes can be
precisely tuned for studying the roles of specific membrane
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components. In contrast, GPMVs are isolated directly from
cellular membranes, providing a more physiological, though
less defined, model to study the behavior of biological as-
semblies. These investigations have converged on a com-
mon picture of Lo domains that enrich sphingolipids,
saturated phospholipids, and cholesterol and exclude more
unsaturated lipids (1,2,12) and most proteins (13). These
compositional differences lead to differences in lipid acyl
chain order, which in turn result in significant differences
in lipid packing (14). These general trends are maintained
across model systems, though the differences between
phases appear to generally be smaller in GPMVs compared
to synthetic bilayers (1,11,15,16).

Because of the differences in lipid compositions and
packing of Lo and Ld domains, it should be expected that
transmembrane proteins will interact differently with Lo
versus Ld membranes, leading to preferential domain affin-
ities for membrane proteins. Although there have been spo-
radic investigations into the question of membrane protein
partitioning between coexisting domains (13,17–20), there
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Protein Partitioning to Ordered Domains
remain few generalizable insights. A common model system
for studying protein partitioning between coexisting mem-
brane domains is the single-pass transmembrane adaptor
protein linker for activation of T cells (LAT), which is
critical for T-cell-antigen-receptor-mediated signaling
(21,22). The palmitoylated transmembrane domain (TMD)
of LAT (tLAT) partitions into the ordered (raft) phase of
cell-derived GPMVs as a function of its palmitoylation, hy-
drophobic length, and TMD surface area (13,23–26). Palmi-
toylation has been widely implicated in ordered domain
affinity (27), whereas the other two structural factors have
been characterized more recently but appear to be widely
applicable to single-pass transmembrane proteins (25,26).
Interestingly, the TMD alone is sufficient to recapitulate
the raft affinity of the whole protein, suggesting that at least
for this protein, raft partitioning is determined entirely by
the TMD (26). In contrast to findings in GPMVs, experi-
ments with GUVs have found that tLAT is distinctly
excluded from the ordered phase (28). Similarly, coarse-
grained molecular dynamics (MD) simulations with planar
lipid bilayers showed a consistent exclusion of the tLAT
from the ordered domains but with a notable enrichment
around the domain boundary (29,30). The explanations for
these disparities remain unclear, as does the overall ener-
getics governing the domain partitioning of LAT and all
other proteins.

In this work, we performed extensive free MD simu-
lations and umbrella-sampling calculations to reveal the
membrane partitioning energetics of tLAT in three-compo-
nent biomimetic planar lipid bilayers. Free MD simulations
revealed that palmitoylation and hydrophobic length were
important for preferential interactions between the tLAT
and ordered phase lipids, fully consistent with experiments
in biological membranes (13,23,24,26). However, we also
observed enrichment of TMD peptides at the Lo/Ld inter-
face. These observations were confirmed by umbrella sam-
pling, which we used to calculate the overall free-energy
profiles for partitioning. We synthesize these results into a
conceptual model that posits that the relative balance be-
tween preferential protein-lipid interactions and interdo-
main packing differences is the critical driver of protein
partitioning between coexisting domains. These observa-
tions may explain disparities between simulations and
experimental measurements in various model systems in
addition to defining the determinants of Lo/Ld partitioning
energetics for transmembrane peptides.
METHODS

Coarse-grained MD simulations

Coarse-grained models (31–33), which allow a much longer timescale and

larger length-scale forMDsimulations, have beenwidely used to study the dy-

namics of lipids and proteins in model membranes. In this work, we used one

of these popular coarse-grained models, Martini (version 2.1) (33,34), to

investigate the membrane partitioning dynamics of tLAT in phase-separated
membranes. 2000 lipids, including 1,2-dipalmitoyl-sn-glycero-3-phospho-

choline (DPPC), 1,2-diarachidonoyl-sn-glycero-3-phosphocholine (DAPC),

and cholesterol (Chol), as well as water and salt ions (Naþ & Cl�), were
used for simulations with the box dimension of 10.1 � 10.1 � 11.4 nm.

In this work, wild-type tLATand a shortened mutant (D6endo) were used

(Fig. 1 a). Martini simulations of the LAT transmembrane peptide and its

behavior in Lo/Ld systems have been previously described (29,30). In the

Martini protein model, both bead types and bond/angle/dihedral parameters

of each residue are determined by the secondary structures of the protein

(34). Despite significant investigations into LAT (UniProt Knowledgebase:

O43561, http://www.uniprot.org/uniprot/O43561), no crystal structures are

available. To obtain Martini parameters for tLAT and its variants, we pre-

dicted their secondary structures in the following steps: 1) predict the pep-

tide structure with the Robetta webserver (35) and 2) evaluate the structural

variation of peptides in membranes using 100-ns-scale all-atom MD simu-

lation with the CHARMM36 force field (36–38). We chose the highly

conserved peptide structure (>80%) as well as ‘‘coil’’ for variable residues

to build the coarse-grained models of tLAT and its shortened mutant

(Fig. 1 b). To obtain palmitoylated tLAT, palmitoyl residues were added

to two cysteine residues at the C-terminus (Fig. 1, a and b) using the

same parameters as our previous work for H-Ras (17,20,39).

For all classical coarse-grained MD simulations, a cutoff of 1.2 nm was

used for van der Waals interactions, and the Lennard-Jones potential was

smoothly shifted to zero between 1.0 and 1.2 nm to reduce cutoff noise.

For electrostatic interactions, the coulombic potential was smoothly shifted

from 0 to 1.2 nm, with a cutoff at 1.2 nm. The default relative dielectric con-

stant (15) of the force field was used in the simulations (33). Peptides,

lipids, and water and ions were coupled separately to V-rescale heat baths

(40) at T¼ 298 K (coupling constant t¼ 1 ps). The systems were simulated

at 1 bar pressure using a semiisotropic Parrinello-Rahman pressure

coupling scheme (41) with a coupling constant t¼ 5 ps and compressibility

of 3 � 10�4 bar�1. The nonbonded interaction neighbor list was updated

every 10 steps with a cutoff of 1.2 nm.
All-atom MD simulations

The CHARMM36 force field (36–38) was used to simulate the behavior of

wild-type tLAT with and without palmitoylation in a DPPC/DAPC/Chol

bilayer. Grid-based energy correction maps were used to refine conforma-

tional properties of protein backbones (42). The initial conformation of

wild-type tLAT without palmitoylation was obtained via the Robetta web-

server (35), and then the two all-atom MD simulation systems were gener-

ated using CHARMM-GUI (43,44). The Lennard-Jones potential was

smoothly shifted to zero between 1.0 and 1.2 nm, with a cutoff of 1.2 nm

to reduce cutoff noise. Particle mesh Ewald electrostatics (45) with a

real-space cutoff of 1.2 nm was used. Peptides, lipids, and water and ions

were coupled separately to Nose-Hoover heat baths (46,47) at T ¼ 298 K

(coupling constant t ¼ 1 ps). The systems were simulated at 1 bar

pressure using a semiisotropic Parrinello-Rahman pressure coupling

scheme (41) with a coupling constant t ¼ 5 ps and compressibility of

4.5 � 10�5 bar�1. Bonds with H-atoms were constrained with the LINCS

algorithm (48). The nonbonded interaction neighbor list was updated every

20 steps with a cutoff of 1.2 nm.

In this work, all MD simulations were run with constant pressure and

temperature, as well as leap-frog Verlet algorithm and periodic boundary

conditions, using GROMACS 5.0.4 (49). Coarse-grained MD simulations

were run for 10 ms (effective time (33) is around 40 ms) with a time step

of 20 fs and a trajectory-saving frequency of 200 ps (effective time is

used for description of coarse-grained MD simulations in this work). All-

atom MD simulations were run for 2 ms with a time step of 2 fs and a

trajectory-saving frequency of 20 ps. System snapshots were rendered by

Visual Molecular Dynamics (Theoretical and Computational Biophysics

Group, University of Illinois at Urbana-Champaign, IL) (50).

To evaluate the interaction polarity of LAT with Lo versus Ld domain

lipids, we calculated the residue-based interaction energy (E, containing
Biophysical Journal 114, 1936–1944, April 24, 2018 1937

http://www.uniprot.org/uniprot/O43561


FIGURE 1 Coarse-grained MD simulations of

tLAT partitioning between coexisting liquid mem-

brane phases. (a) The amino acid sequences of

tLAT and its truncated mutant (D6endo, amino

acids in blue were removed) are given. Underlined

amino acids represent the positions for palmitoyla-

tion. (b) Martini configurations of TMDs studied in

this work are shown, with þpalm for palmitoyls

and �palm without palmitoyls; the backbones of

TMDs are colored in blue, side chains in yellow,

and palmitoyls in tan. (c) The interaction energy

differences DE between the various TMDs with

Lo versus Ld domain lipids are shown; DE< 0

means that TMD interacts preferentially with Lo
domain lipids. The mean 5 SD is based on a

10-block average over the last 20 ms trajectories.

(d) Snapshots of the first frame (t ¼ 0 ms) and

the last frame (t ¼ 40 ms) for the coarse-grained

systems are shown. DPPC is colored in red, choles-

terol in white, and DAPC in green, and the TMD

coloring style is the same as in (b). To see this

figure in color, go online.
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van der Waals and coulombic interactions) between the peptide and

DPPC þ Chol (Lo) compared to DAPC (Ld). Then, the relative Lo interac-

tion preference for each amino acid was described by the following

equation:

R ¼ Eaa�Lo

Eaa�Lo þ Eaa�Ld

;

where R ¼ 1 means full Lo domain preference and R ¼ 0 full Ld domain

preference.
Umbrella sampling

Umbrella sampling is an enhanced sampling method to calculate relative

free energy DG (formally potential of mean force, PMF) along certain

reaction coordinates (51). To get one-dimensional PMF, three steps are

needed: 1) a reaction coordinate x is chosen; 2) biased simulations are

run at different x, with x constrained by a harmonic potential; and 3) the

mean force Fx at each x is calculated, and DG is obtained by integrating

Fx along x according to ðv=vxÞDG ¼ � Fxx. Using the Martini force field,

the DPPC/DAPC/Chol bilayer shows very stable phase separation (52),

which makes it suitable for the umbrella-sampling simulations performed

in this work. First, we constructed a sandwich-model membrane composed

of a stripe of Lo domain (DPPC and Chol, ratio: 2:1, initial width: 6.6 nm)

at the center, flanked by Ld domains (DAPC, initial width: 11 nm, which

is wide enough to avoid peptides’ crossing the box boundary). After a
1938 Biophysical Journal 114, 1936–1944, April 24, 2018
400-ns equilibrium simulation, the box dimensions of this model membrane

are 27.0 � 12.1 � 10.2 nm. As shown in Fig. 3 a, the striped domains are

parallel to the y axis of the simulation box. Hence, we chose the center-of-

mass (COM) distance between the peptide and the Lo domain as the reaction

coordinate for umbrella-sampling simulations. Because cholesterol mole-

cules can flip-flop between the two lipid leaflets and exchange between

Lo and Ld domains, only DPPC molecules were used for the calculation

of the COM of the Lo domain. 34 independent simulation systems with

different Dx (Dx˛½0;6:6 nm�, interval of 0.2 nm) were built for each pep-

tide. Each system was run for 3.2 ms with the pull code of GROMACS

5.0.4 (49), with the first 0.8 ms reserved for the equilibrium (total simulation

time: 34 � 3 � 3.2 ms ¼ 326.4 ms). The final free-energy profiles were ob-

tained from analysis of the last 2.4 ms trajectories.
RESULTS AND DISCUSSION

Interfacial accumulation of tLAT in coarse-
grained free MD simulations

To investigate the partitioning of LAT in phase-separated
model membranes, nine copies of a peptide based on the
human tLATwere uniformly placed in randomly distributed
phospholipid bilayers (2000 lipids, DPPC/DAPC/Chol:
5/3/2). As previously described (52), this lipid system
rapidly (within a few hundred nanoseconds) segregates
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into stable membrane domains, which also makes it feasible
for further investigation with all-atom MD simulations (see
below). 40-ms coarse-grained MD simulations indeed
yielded the expected separation into stable liquid membrane
domains without any notable effect of the presence of pep-
tides (Fig. 1 d). The peptides also adopted a nonrandom dis-
tribution, as all three peptides showed an obvious preference
for the interface between Lo and Ld domains, fully consistent
with previous work from the Marrink group (29,30).

Previous experimental work has implicated TMD length
(26) and palmitoylation (23) as important determinants of or-
dered phase affinity for tLAT. We probed the effect of these
modifications by either shortening the TMD (i.e., removing
six amino acids from the cytoplasmic side of the TMD-
D6endo) or removing the palmitoyl moieties (tLAT�palm).
Surprisingly, neither of these major structural changes pro-
duced a notable effect on overall peptide localization, as
both D6endo and tLAT�palm enriched at the domain inter-
face (Fig. 1 d). To ensure that this effect was robust, we also
tested peptide partitioning in another membrane model sys-
tem, DPPC/DLiPC/Chol (DLiPC: 1,2-dilinoleoyl-sn-glyc-
ero-3-phosphocholine), which forms much less stable
membrane domains (52). Despite the significant differences
between the two membrane systems (22), all three peptides
tested showed the same interfacial accumulation in both bi-
layers (Fig. S3). This accumulation of tLAT at the Lo/Ld
interface seems to conflict with observations in GUVs (28)
and GPMVs (26), which reported preference for Ld or Lo do-
mains, respectively, without any noted enrichment at the
domain interface. The energetics of the unexpected interfa-
cial accumulation in MD simulations are discussed below.
Peptide-lipid interactions in simulations are
consistent with partitioning in biological
membranes

Because the interfacial accumulation of all peptides pre-
vented direct assessment of partitioning by localization,
we instead determined the relative affinity of the peptides
for ordered versus disordered phase lipids by calculating
the interaction energy between the TMDs and Lo versus
Ld domain lipids (Fig. 1 c). We observed that the palmitoy-
lated tLAT indeed preferentially interacts with Lo domain
lipids (i.e., DPPC and Chol), whereas depalmitoylated
tLAT (tLAT�palm) had stronger interactions with Ld
domain lipids (DAPC). Similarly, reducing the hydrophobic
length of tLATalso significantly decreased the relative affin-
ity for Lo domain lipids (Fig. 1 c). These observations show
impressive qualitative agreement to results in isolated bio-
logical membranes (GPMVs), wherein the tLAT partitions
approximately equally between coexisting domains,
whereas both palmitoylation (23) and truncation mutants
(26) lead to significant enrichment in the disordered phase.

To support the inferences from the coarse-grained MD
simulations and obtain more detailed insights into the
molecular interactions guiding protein partitioning, we per-
formed 2 ms all-atom MD simulations. The same membrane
systems (DPPC/DAPC/Chol: 5/3/2) were assembled by
CHARMM-GUI (46,47), with an initial configuration of
400 evenly distributed lipids. The first 1 ms was reserved
for equilibration into relatively stable membrane domains
(clear phase separation was observed within 500 ns.). The
last 1 ms trajectory was used for data analysis. No significant
structural changes were observed for either peptide in our
all-atom MD simulations. As in the coarse-grained observa-
tions, the atomistic simulations revealed that tLAT, both
with and without palmitoylations, preferentially localized
at the domain boundaries (Fig. 2 a; Fig. S4). Despite the
overall accumulation at the domain interface, the peptides
had preferential interactions with certain membrane
lipids. Specifically, palmitoylated tLAT showed signifi-
cantly higher interaction energies with Lo domain lipids,
and these trends were reversed for depalmitoylated tLAT
(Fig. 2 b). These observations are fully consistent with the
results of the coarse-grained MD simulations, validating
the coarse-grained approach for detailed analysis of protein
interactions with phase separated membranes. More impor-
tantly, both the coarse-grained and all-atom models repro-
duced key features of experimental measurements in
biological membranes (26), in that both suggested preferred
interactions between tLAT and ordered phase lipids and an
inversion of this preference without palmitate moieties.

The atomistic resolution afforded by all-atom MD simu-
lations allowed us to analyze the detailed residue-level
interactions between LAT peptides and surrounding lipids
(Fig. 2 c). The most striking observation was that both pal-
mitoyl groups showed strong attractive interactions with
DPPC, suggesting that these interactions may be responsible
for the enhanced Lo-lipid affinity observed in both coarse-
grained and all-atom MD simulations of the palmitoylated
LAT peptide. These inferences are consistent with the pref-
erential interactions between saturated lipid fatty acyl
chains (53–55), which are likely responsible for the palmi-
toylation-dependent raft affinity previously observed in iso-
lated plasma membranes (20). The differences in the pattern
of lipid interaction energies between the two peptides
(Fig. 2 c) are driven largely by the partitioning effect of pal-
mitoylation. That is, palmitoylation increases the affinity of
the peptide for the ordered phase, increasing the likelihood
that peptide residues will interact with DPPC. In contrast,
the depalmitoylated peptide preferentially enriches near
disordered lipids and therefore has more interactions with
DAPC.

Energetics of tLAT partitioning from umbrella sampling

MD simulations of both coarse-grained and all-atom
models confirmed the critical role of palmitoylations
in regulating the raft affinity of transmembrane peptides.
Further, coarse-grained MD simulations recapitulated
experimental observations (26) on the important role of
Biophysical Journal 114, 1936–1944, April 24, 2018 1939



FIGURE 2 All-atom MD simulations of tLAT partitioning between coexisting liquid phases. (a) Snapshots of the last frame (t ¼ 2 ms) for the all-

atom systems tLATþpalm and tLAT�palm are shown; red ¼ DPPC, white ¼ cholesterol, and green ¼ DAPC (50). (b) The interaction energy differ-

ences DE between TMDs and Lo versus Ld domain lipids are shown; DE< 0 means that TMD prefers to interact with Lo domain lipids; the mean 5 SD

is of a five-block average of the last 1 ms trajectories. (c) TMD-lipid interaction contributions from each amino acid and palmitoyl moieties for the

two systems based on the analysis of the last 1 ms trajectories are shown. The upper heat map represents tLATþpalm; the lower is for tLAT�palm.

For palmitoylated tLAT, most of the preferential interactions with Lo phase lipids come from the palmitate moieties. To see this figure in color,

go online.
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TMD hydrophobic length in determining protein partition-
ing between membrane domains. However, several discrep-
ancies remain between MD simulations, GUV experiments,
and GPMV experiments. Specifically, they are different
with respect to overall peptide distributions: in GUVexper-
iments, peptides are enriched in the Ld phase (28); in
GPMVs, peptides are slightly enriched in Lo phase (26),
whereas peptides in MD simulations show interfacial accu-
mulation (Figs. 1 and 2). To gain insight into these effects,
we investigated the detailed energetics of domain affinity
by coarse-grained umbrella-sampling simulations. For
these calculations, we used the DPPC/DAPC/Chol
system, which forms stable striped domains (52). We con-
structed sandwich-style phase-separated membrane sys-
tems with an Lo domain in the middle flanked by two Ld
domains and chose the COM distance Dx between the
TMD and the Lo domain along the axis perpendicular to
the domain stripes as the reaction coordinate for um-
brella-sampling simulations (Fig. 3 a). PMF or relative
free energy ðDGÞ profiles were derived by combining re-
sults from 34 systems with different initial reaction coordi-
nates ðDxÞ ranging from 0 to 6.6 nm (DDx ¼ 0.2 nm)
(Fig. 3 a). Umbrella-sampling simulations were run for
3.2 ms, with the first 0.8 ms reserved for equilibrium and
the last 2.4 ms for analysis. We calculated the mean force
at each individual reaction coordinate Fxx and then obtained
the PMF/DG profiles by integrating mean forces along the
reaction coordinate ððv=vxÞDG ¼ � FxxÞ.
1940 Biophysical Journal 114, 1936–1944, April 24, 2018
Fig. 3 b shows the PMF profiles for the three peptides,
with each displaying a prominent energy minimum near
the membrane domain interface (�3.2 nm), fully consistent
with preferences for the membrane domain interface
observed in coarse-grained (Fig. 1) and all-atom (Fig. 2)
simulations. Importantly, we observed good sampling of
the peptide at the interface without any notable disruption
of the interface itself by the presence of the peptide
(Fig. 3 c). To ensure this result was robust, we constructed
an ‘‘inverted’’ sandwiched membrane with an Ld domain
at the center and a new reaction coordinate being the lateral
COM distance between the Ld domain and the peptide. The
PMF profile in this system was in excellent quantitative con-
sistency with the original PMF data (Fig. S6). All three pep-
tides had a lower free energy in the Ld domain; this effect
is discussed below. However, the relative difference be-
tween the free energy in the Lo versus the Ld domain
(DDGLd/Lo; the partitioning free energy) was lowest for
the tLAT peptide and higher for both the depalmitoyled
and the truncated variants. These trends from the free-
energy calculations are consistent with the energetics
shown in Fig. 1, but more importantly are consistent with
experimental partitioning measurements of tLAT in bio-
membranes (i.e., GPMVs).

According to the PMF profile in Fig. 3 b, the energy
minimum for tLAT is the domain interface, with the next
lowest energy state being the Ld domain. This observation
could elucidate the disparity between GUV experiments



FIGURE 3 Energetics of tLAT partitioning via umbrella sampling simulations. (a) The COM distance between a TMD and the Lo domain was chosen as

the reaction coordinate for umbrella sampling (upper). Three representative initial configurations for the umbrella sampling (DPPC ¼ red, Chol ¼ white,

DAPC ¼ green, TMD same as Fig. 1 b; initial x-width of Lo domain is �6.6 nm) are shown. (b) Potential of mean force (PMF) profiles for tLAT peptides

in Lo domain (0<Dx< 3.3 nm; shaded red) and Ld domain (Dx> 3.3 nm; shaded green) are shown. The mean5 SD is from a six-block average over the last

2.4 ms of 3.2 ms. (c) The heat map shows a two-dimensional DPPC localization probability map (deep red ¼ max probability, deep blue ¼ zero probability)

based on the last 2.4 ms trajectory of the umbrella-sampling simulation at Dx ¼ 3.2 nm. The black dots represent COM locations of tLATþpalm during this

period. The narrow domain boundary and stable location of the peptide is the evidence for good sampling. This particular system is shown because the peptide

is at the Lo/Ld interface, which is the most dynamic sample among all umbrella-sampling windows. (d) Top-view snapshots of the 40-ms-scale coarse-grained

MD simulation system of tLAT at much higher peptide/lipid ratio (60/1440) are shown. The colors of the molecules are the same as those in Fig. 1 d. To see

this figure in color, go online.
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(Ld domain preference) (28) and MD simulations (domain
interface preference) based on the following hypothesis: if
the domain interface in GUVs was fully occupied by
tLAT, the excess tLAT would prefer Ld domain because of
the lower energy difference. To test this hypothesis, we per-
formed an additional 40 ms coarse-grained MD simulation
with a high abundance of tLAT (peptide/lipid ¼ 60/1440)
using the same bilayer system as in Fig. 1. As shown in
Fig. 3 d, saturation of the domain interface with peptides
resulted in the remaining peptides partitioning into the Ld
domain. This observation suggests that the apparent
mismatch between GUV experiments and MD simulation
may be that the relative peptide enrichment at the domain
interface in GUVs cannot be resolved by light microscopy
Biophysical Journal 114, 1936–1944, April 24, 2018 1941
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because of the molecular length-scale of this interface
(i.e.,>3 nm). Further, because of limited box size, the inter-
face in simulations comprises a much larger proportion of
the overall membrane surface than in GUVs, in which
the interface is of molecular scale (as in simulations),
whereas the bulk phases are macroscopic. Such an effect
would tend to overemphasize the interfacial localization in
simulations.

Thus, we believe this saturation of the interface may
explain the apparent discrepancy between partitioning in
MD simulations (preference for the domain interface) and
GUVs (preference for the Ld domain). However, we believe
our simulations and experimental observations may also
inform the discrepancies between observations in model
membranes (MDandGUVs showpreference forLd domains)
(28) and GPMV experiments (slight preference for Lo do-
mains) (26). Our previous observations suggest that the lipid
packing differences between Lo and Ld domains in GPMVs
are notably smaller than those in GUVs (15,56,57). Thus,
even peptides with potential affinity for ordered domains
(e.g., palmitoylated LAT) are excluded from the artificially
high packing of the Lo domains in model membranes.
Thus, artificial model membranes do not quantitatively
reproduce the absolute partitioning of peptides between or-
dered and disordered membrane domains. However, our ob-
servations reveal that relative differences between peptides
are indeed consistent between MD simulations and experi-
ments in isolated plasma membranes, as shorter or depalmi-
toylatedTMDs had lower ordered domain affinity andDPPC/
Chol interactions than wild-type tLAT. In other words, the
domain-partitioning energetics of TMDs is determined by
two major inputs: 1) protein-lipid interactions, with both
simulations and GPMV experiments revealing preferential
interactions of LAT-TMD with Lo domain lipids; and 2)
interdomain lipid packing differences, which are highly
dependent on the specifics of the model system. Below, we
formalize this hypothesis with a simplified conceptual model
to elucidate how lipid packing differences determine trans-
membrane peptide partitioning between coexisting phases.
1942 Biophysical Journal 114, 1936–1944, April 24, 2018
In this model, the interaction between a TMD peptide and
a phase-separated membrane is parameterized by q which
defines the relative contact area between the peptide and a
given membrane domain. As shown in the Fig. 4 b, q ¼ 0

when the peptide is entirely located in the Lo domain and
q ¼ p in the Ld domain. Between those values, the peptide
is located at the interdomain boundary. In this model,
TMD partitioning free energy mainly consists of two contri-
butions: 1) interactions between the peptide and Lo versus Ld
lipids ðDGprotein�lipidÞ, as measured in Figs. 1 c and 2 b,
which are determined by the chemical properties of the
TMD peptide; and 2) steric effects ðDGsteric hindranceÞ, which
are determined by lipid packing differences between Lo
and Ld domains as well as the TMD size. If these two com-
ponents have different profiles with respect to q, with one be-
ing asymmetric about q (e.g., red curves in Fig. 4 c), the
overall free-energy profile should be nonmonotonic,
including potentially a minimum at the Lo/Ld interface (as
observed in the PMF calculations, Fig. 3 b). A possible
explanation for such an asymmetric profile is an inherent po-
larity of the peptides, with one side preferring the Lo environ-
ment and vice versa. To evaluate this possibility, we analyzed
the relative preference of each amino acid side chain for
DPPC versus DAPC in the atomistic simulations of the
tLAT peptide. We indeed observed a distinct asymmetry in
peptide interactions with lipids, with one face of the helix
having notably higher interactions with Lo phase lipids
than the other (Fig. S7). This polarity in the LAT peptide
could certainly account for the interfacial preference we
observed in all our simulations. Notably, not all peptides
show this behavior in simulations. Previous observations
from the Marrink group (see Sch€afer et al. (29) and de
Jong et al. (30)) show that most peptides generally accumu-
late in Ld domains, consistent with many experiments in
GUVs (28,29,58) and GPMVs (59–61).

Our hypothetical model (Fig. 4 c) also suggests how
differences in DGprotein�lipid and DGsteric hindrance between
domains in various systems could contribute to par-
titioning, which helps explain the disparity in the preferred
FIGURE 4 Conceptual model for contributions

of TMD partitioning free energy. (a) The sche-

matics of translocating TMDs between Ld and Lo
domains are shown. (b) A schematic of TMD at

membrane domain interface (top view) is shown.

q ¼ 0: the peptide is completely in Lo domain;

q ¼ 180�: the peptide is fully in Ld domain. (c)

A schematic for domain-partitioning free-energy

ðDGtotalÞ contributions from protein-lipid interac-

tions (red) and steric effects (blue) is shown. Hypo-

thetical curves are shown for partitioning in GUVs

(solid) compared to GPMVs (dashed). Note that

although the interface is represented as a sharp

boundary in these schemata, real interfaces feature

a transitional zone with an effective width and a

distinct compositional profile. To see this figure

in color, go online.
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partitioning of palmitoylated tLAT between GPMVs
(11,15,56) and GUVs (28). The most notable difference be-
tween these systems is the much smaller packing differences
between Lo and Ld domains in GPMVs (15,16,56), which
generates a much smaller energy cost for translocating pal-
mitoylated tLAT from Ld to Lo domains (dashed blue line in
Fig. 4 c). This effect may account for the different partition-
ing behaviors observed between these two systems (black
lines in Fig. 4 c).
CONCLUSIONS

In this work, we used molecular simulations to elucidate the
energetics of transmembrane protein partitioning between
coexisting fluid membrane domains, using tLAT as a model.
Coarse-grained MD simulations reproduced observations
from experiments in isolated biological membranes, as
long, palmitoylated peptides had preferred interactions
with Lo domain lipids compared to shorter and depalmitoy-
lated peptides. These observations were also validated by
corresponding all-atom MD simulations. In all simulations,
we observed enrichment of peptides at the Lo/Ld interface,
which was further confirmed by free-energy profiles
calculated using umbrella-sampling simulations. Atomistic
simulations suggest that this effect may arise from an
inherent polarity of the peptide with respect to its interaction
with the coexisting phases. The partitioning free-energy
profiles produce a comprehensive picture of peptide parti-
tioning and clarified disparities between experiments in
various model membranes and MD simulations. These re-
sults prompt a conceptual model wherein TMD partitioning
free energy is driven by a balance between protein-lipid in-
teractions and steric effects, the former mainly determined
by chemical properties of the TMD peptide components
and the latter dominated by lipid packing differences be-
tween Lo and Ld domains and the physical features of the
TMD. The insights in this work may explain inconsistences
in protein partitioning experiments with different model sys-
tems and provide guidelines for designing peptides to target
specific membrane domains.
SUPPORTING MATERIAL

Supporting Materials and Methods and seven figures are available at http://
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