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ABSTRACT: The transmembrane domain (TMD) of
membrane proteins plays an essential role in their dynamics
and functions. Certain properties of TMDs, such as raft
affinity and orientation, have been studied extensively both
experimentally and computationally. However, the extent to
which specific physicochemical properties of TMDs determine
their membrane domain-partitioning thermodynamics is still
far from clear. In this work, we propose an approach based on
umbrella sampling molecular dynamics simulations of model
membranes and idealized TMDs to quantify the effect of TMD physicochemical properties, namely, length, degree of
hydrophobicity, and size of TMDs, on their membrane domain-partitioning thermodynamics. The results, which are fully
consistent with previous experimental and simulation data, indicate that the concept of “hydrophobic mismatch” should go
beyond differences in hydrophobic thickness to include mismatch in the degree of hydrophobicity between the TMD and the
surrounding hydrocarbon lipid chains. Our method provides quantitative insights into the role of specific physicochemical
features of TMDs in membrane localization and orientation, which will be broadly useful for predicting the raft affinity and
membrane partitioning of any transmembrane protein.

■ INTRODUCTION

The plasma membrane plays critical roles in maintaining the
complex functions of the cell.1 In addition to being the first
biological barrier of mammalian cells, it provides a versatile
platform for proteins and lipids to participate in various
biological processes, including signal transduction and
trafficking of substances. The dynamics of membrane proteins
and lipids is important in regulating these processes. The
plasma membrane is functionally and compositionally
segregated into distinct nanoscale domains with different
biophysical properties. These include “raft” and “nonraft”
domains2,3 that have been widely studied both with experi-
ments and simulations using model membranes.4−10 These
studies have revealed that the domain preference of membrane
proteins determines their clustering, dynamics, and subcellular
localization. Hence, many efforts have been made to
understand the raft affinity of mammalian membrane
proteins.11−13 However, the factors that determine domain
preferences of transmembrane proteins are still far from clear.
For example, there are more than 500 crystal structures of
transmembrane proteins in the Protein Data Bank,14,15 but no
universally applicable relationship between the physicochem-
ical properties of transmembrane proteins and their membrane
partitioning thermodynamics has been established.

Single-pass transmembrane peptides are useful models to
study transmembrane proteins and are therefore widely used
both in experiments10,12,16,17 and simulations.13,18,19 With the
help of such simplified models, increasingly deeper insights
have been gained into the raft affinity of transmembrane
proteins. For example, the transmembrane domain (TMD)
hydrophobic length has been shown to affect raft affin-
ity.10,20,21 In addition, lipid modifications of TMDs, including
palmitoylation16,17 and glycophosphatidylinositol modifica-
tion,8,22 can significantly enhance raft affinity by promoting
interactions with raft lipids.23 Most recently, the surface area of
TMDs was also found to be important for membrane domain-
partitioning.12 However, it is still not easy to differentiate the
specific role of each physicochemical property of a TMD to its
raft affinity because each of the key factors mentioned above
have contributions from multiple physiochemical properties.
For example, when lipid modifications are introduced to
TMDs, both the hydrophobicity and size of the TMD change.
If the contribution of a specific physicochemical property of a
TMD to raft affinity is known, one can predict the raft affinity
of any TMD.
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In this work, we characterized the specific roles of the TMD
hydrophobic length, hydrophobicity, and size in determining
raft affinity using idealized TMD models and potential of mean
force (PMF) calculations with molecular dynamics (MD)
simulations. Idealized TMDs, in which the physiochemical
properties can be systematically varied, can provide insights
into the relative roles of the TMD length, hydrophobicity, and
size in raft affinity and have been used as a standard physical
model to study TMD dynamics in model membrane
systems.24−27 In other words, studies of idealized TMDs will
enable us to separately characterize the specific role of a given
TMD property in determining the membrane partitioning
thermodynamics of a real transmembrane protein (e.g., TMD
of linker for the activation of T cell receptor13). Similarly, PMF
calculations have been used to gain insights into the
thermodynamics of many biological processes, such as
dimerization of transmembrane proteins28 and translocation
of small molecules across lipid membranes.29,30

■ METHODS

Choice of the Model Membrane and Idealized TMDs
for PMF Calculations. Coarse-grained (CG) MD simulations
have been widely used to study membrane proteins and lipid
rafts.6,31 In the current study, we used the Martini CG model32

of lipids, which maps on average four heavy atoms into one
interaction site.32 We chose a lipid bilayer made up of 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-diara-
chidonoyl-sn-glycero-3-phosphocholine (DAPC), and choles-
terol (Chol), which forms very stable membrane domains,6 to
test the feasibility of our approach to quantify TMD raft
affinity.
To construct idealized TMD models with tunable

physicochemical puppetries, we adapted the standard Martini
CG force field for proteins as follows: (1) evenly placed beads
were stacked up with a minimum distance of 0.3 nm to form a
“cylinder”; (2) a CG parameter of type “Q0” was assigned to
beads at the two ends of the cylinder (length: 2 nm) to model
the two hydrophilic termini of the TMD, and parameters of
type “C1” or “C5” were assigned to beads in the middle of the
cylinder to simulate a TMD segment with different hydro-
phobicity (C1 is more hydrophobic); and (3) beads within 1
nm distance were constrained (force constant: 1250 kJ mol−1

nm−1) to obtain a rigid, idealized TMD. Such an idealized
TMD enabled us to tune any physicochemical property during
the simulations. Thus, we studied the effect of three properties
of TMDs on the lateral dynamics of single-pass transmembrane
helices across membrane domains: hydrophobic length (l = 2,
3, 4, 5 nm), radius (r = 0.6, 1.2 nm), and hydrophobicity
(“C1”, more hydrophobic; “C5”, less hydrophobic). To
conduct the simulations with different l, r, and C values, we
first built a membrane model with an Lo domain in the middle
flanked by two Ld domains (Figure 1a,b). The width of the Lo

Figure 1. (a) Schematic of the system used for PMF calculations: r and l are the radius and hydrophobic length of the idealized TMD, respectively,
and the center-of-mass (COM) distance along the x-axis (Δx) between the TMD and the Lo domain is used as the reaction coordinate for umbrella
sampling. (b) Initial system configurations with the TMD placed in the Lo domain (top), the interface (middle), and the Ld domain (bottom). The
head-group of the PC lipids is shown in purple, and lipid tail beads are in red for saturated acyl chains and in lime for unsaturated acyl chains. The
hydrophilic section of the TMD is in pink, and the hydrophobic part in cyan. For clarity, only membrane and TMD are shown. (c) Normalized
number density along the x-axis for the Lo and Ld domain lipids, indicating that the x-width of the Lo domain is about 9 nm. (d) Normalized
number density along the z-axis (membrane normal) for DPPC and DAPC glycerol groups shows that the average hydrophobic thicknesses of Lo
and Ld domains are 3.54 and 2.88 nm, respectively.
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domain along the x-axis (i.e., the direction of our reaction
coordinate Δx) is ∼9 nm (see Figure 1c), whereas its
hydrophobic thickness is 3.54 nm, greater than the 2.88 nm
hydrophobic thickness of the Ld domain (Figure 1d). Second,
idealized TMDs characterized by the various l, r, and C values
listed above were placed at different locations to obtain
different initial configurations for umbrella sampling simu-
lations (Figure 1b). For each TMD, we performed 51
independent simulations at different Δx values spanning the
Lo and Ld domains as well as the interface between them.
Umbrella Sampling Simulations. The relative free

energy ΔG of a process along a reaction coordinate can be
calculated by umbrella sampling simulations33 using

Δ = −⟨ ⟩
ξ ξ ξ
∂
∂ G F , where Fξ is the force along the reaction

coordinate ξ. To quantify the raft affinity of TMDs, we first
generated a phase-separated model membrane with a stripped
Lo domain enriched with DPPC and Chol at the center flanked
by two Ld domains enriched with DAPC. The center-of-mass
(COM) distance (Δx, Figure 1a) between the TMD and the
Lo domain along the x-axis (i.e., perpendicular to the
membrane normal) was chosen as the reaction coordinate. A
total of 51 independent simulations with window size of 0.2
nm were performed for each TMD model.
Simulations were performed using GROMACS 5.0.434 with

the Lennard−Jones potential smoothly shifted to zero between
1.0 and 1.4 nm. Electrostatic interactions were calculated using
the Columbic potential with a smooth shift from 0 to 1.4 nm.
The default relative dielectric constant of 15 was used.32

TMDs, lipids, water, and ions were coupled separately to V-
rescale heat baths35 at T = 310 K (coupling constant τ = 1 ps).
The systems were simulated at 1 bar using a semi-isotropic
Parrinello−Rahman pressure coupling scheme36 with a
coupling constant (τ) of 4 ps and compressibility of 4 ×

10−5 bar−1. The nonbonded neighbor list was updated every 10
steps with a cutoff of 1.4 nm. Using the pull code in
GROMACS34 to maintain reaction coordinate Δx, each
simulation was run for 1 μs with a time step of 20 fs and
the last 800 ns data was used for analysis. Physical simulation
time was used here, and the corresponding effective time can
be estimated by multiplying by a factor of 4.32 In summary, 16
different TMD models as well as 4 reference systems were
studied with umbrella sampling MD simulations using the
Martini CG model, with the total simulation time being 20 ×
51 × 1 μs = 1020 μs (Table 1).

■ RESULTS AND DISCUSSION

CGMD simulations have been used previously to study the
lateral dynamics of transmembrane helices in model mem-
branes.18 However, the free energy of partitioning across the
interface between liquid-ordered (Lo or raft) and liquid-
disordered (Ld or nonraft) domains has rarely been quantified.
Our goal here is to reveal the free energy landscape for the
lateral dynamics of TMDs across Lo and Ld domains using
PMF calculations with umbrella sampling MD of the simplified
model TMDs. In umbrella sampling, the reaction coordinate
needs to be a continuous parameter. The uniqueness of our
reaction coordinate Δx can be affected by the stability of the
membrane domains or membrane undulation. To mitigate the
former, we chose a DPPC/DAPC/Chol bilayer system where
the Lo and Ld domains are much more stable6 than those in the
widely used DPPC/DUPC/Chol mixture.7,18,31 We prevented
membrane undulation by adding a small position restraint (k =
2 kJ mol−1 nm−1) along the z-axis on one glycerol bead of each
DPPC and DAPC molecule in one leaflet; this restraint has
little effect on other membrane properties, as shown by
Ingoĺfsson et al.37 Using this construct, we studied the effect of
three different properties of TMDs on the movement of

Table 1. Summary of the PMF Calculations Conducted in This Work

TMD

system radius (r, nm) hydrophobicity hydrophobic length (l, nm) membrane composition membrane undulation removal duration (μs)

1 0.6 C1 2 DPPC/Chol/DAPC yes 51 × 1
2 0.6 C1 3 DPPC/Chol/DAPC yes 51 × 1
3 0.6 C1 4 DPPC/Chol/DAPC yes 51 × 1
4 0.6 C1 5 DPPC/Chol/DAPC yes 51 × 1
5 0.6 C5 2 DPPC/Chol/DAPC yes 51 × 1
6 0.6 C5 3 DPPC/Chol/DAPC yes 51 × 1
7 0.6 C5 4 DPPC/Chol/DAPC yes 51 × 1
8 0.6 C5 5 DPPC/Chol/DAPC yes 51 × 1
9 1.2 C1 2 DPPC/Chol/DAPC yes 51 × 1
10 1.2 C1 3 DPPC/Chol/DAPC yes 51 × 1
11 1.2 C1 4 DPPC/Chol/DAPC yes 51 × 1
12 1.2 C1 5 DPPC/Chol/DAPC yes 51 × 1
13 1.2 C5 2 DPPC/Chol/DAPC yes 51 × 1
14 1.2 C5 3 DPPC/Chol/DAPC yes 51 × 1
15 1.2 C5 4 DPPC/Chol/DAPC yes 51 × 1
16 1.2 C5 5 DPPC/Chol/DAPC yes 51 × 1
17 0.6 C1 4 DPPC/Chol/DAPC no 51 × 1
18 0.6a C1a 4a DPPC/Chol/DAPC yes 51 × 1
19 0.6b C1b 4b DPPC/Chol/DAPC yes 51 × 1
20 0.6 C1 4 DPPC/Chol/DUPC yes 51 × 1

aInteractions between CG beads within the TMD are reduced to mimic a flexible TMD with a relatively rough surface. bCG beads packed loosely
(minimum distance: 0.5 nm; this value is 0.3 nm for the rest of the simulations). Since “C1” is more polar than “C5”, as defined in the Martini CG
model, the two beads represent different hydrophobicities. The membrane is composed of 360 DPPC, 180 Chol, and 712 DAPC or 1,2-dilinoleoyl-
sn-glycero-3-phosphocholine (DUPC) molecules.
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proteins across membrane domains: hydrophobic length (l),
hydrophobicity (C), and size or radius (r) of TMDs; the
abundant experimental data on some of these properties, such
as l, allowed us to make direct comparison with experiments
and validate our predictions.
Effect of TMD Physiochemical Properties on Raft

Affinity. We performed a series of umbrella sampling MD
simulations to obtain potential of mean force (PMF) profiles
of our model TMDs with various physicochemical properties.
As shown in Figure 2, the location of the free energy minimum
varies with l, r, and C of the TMD and can be found at the bulk
Lo domain, the domain interface, or the bulk Ld domain. In
subsequent paragraphs, we discuss the role of the hydrophobic
length, hydrophobicity, and size in TMD membrane
partitioning thermodynamics.
Numerous experimental studies have shown that the

hydrophobic mismatch between a TMD and its host
membrane plays an important role in determining domain
preference.10,20,21,38,39 Since the hydrophobic thickness of the
Lo domain is typically larger than that of the Ld domain, TMDs
with longer hydrophobic length tend to have higher raft
affinity. In our model membrane, the hydrophobic thicknesses
of the Lo and Ld domains are 3.54 and 2.88 nm, respectively.
Due to hydrophobic mismatch, our TMDs of hydrophobic
lengths l = 2, 3, 4, 5 nm are expected to have different
preferences for Lo and Ld domains. As shown in each panel of
Figure 2, TMDs with the shortest hydrophobic length (l = 2
nm) are always excluded from the Lo domain. When increasing
the hydrophobic length, the energy barrier for TMDs crossing

into the bulk Lo domain gets smaller and smaller or even
becomes negative. In other words, the raft affinity increases
with the TMD hydrophobic length. Our free energy profiles
(Figure 2) show the role of TMD hydrophobic length in
determining raft affinity, consistent with experi-
ments.10,20,21,38,39 It is worth mentioning that there are several
examples in Figure 2 where the energy minimum is at the
domain interface, which is consistent with our previous MD
simulations of the transmembrane LAT peptide (linker for
activation of T cell receptors).13 The agreement between the
current results and previous reports from experiments and
simulations on the role of hydrophobic length on lipid domain
preference of TMDs provides a strong support for the viability
of our approach, namely, calculation of free energy profiles
using simplified model systems to quantify the roles of TMD
physical and chemical properties on domain preference.
In addition to length, variations in hydrophobicity and

radius of TMDs arising from variations in hydrophobicity and
size of protein side chains38,39 will likely affect lateral dynamics
of transmembrane proteins. However, precisely how and to
what extent these two factors regulate raft affinity is far from
clear. Our calculations provide insights into this issue.
Comparison of the free energy profiles of TMDs harboring
more hydrophobic C1 beads (Figure 2, left panels) with those
made up of the less hydrophobic C5 beads (Figure 2, right
panels) clearly shows that changes in TMD hydrophobicity
significantly alter raft affinity. More hydrophobic TMDs tend
to partition into the raft domain more easily. This is consistent
with the liquid phase separation of lipids, which is partially

Figure 2. PMF profiles of membrane domain partitioning of TMDs with different physicochemical properties. Δx < 4.5 nm corresponds to the Lo
domain, whereas 4.5 nm ≤ Δx ≤ 10 nm represents the Ld domain. For each TMD, 51 independent umbrella sampling simulations, each of length 1
μs, were performed to obtain the PMF profile. Error bars are standard deviations based on statistics from eight 100 ns blocks over last 800 ns of the
trajectory and are drawn as lines with caps. C1 and C5 denote the different degree of hydrophobicity of the TMDs in the left and right panels,
respectively. TMDs in panels (a) and (b) have a radius of 0.6 nm, and those in panels (c) and (d) are have a radius of 1.2 nm.
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driven by differences in the hydrophobicity of lipid acyl
chains.23,40−42 Such differences in hydrophobicity between raft
and nonraft lipids mean that TMDs of different hydrophobicity
would have different raft affinities. In other words, the phrase
“hydrophobic mismatch” should include mismatch of TMD
hydrophobic length and hydrophobicity.
As shown in Figure 2, the effect of TMD size (i.e., radius r)

on raft affinity is less significant when the TMD is either highly
hydrophobic (C1) or very long and therefore already
“raftophilic”. This means that the effect of helical radius can
be relatively small when there is a large mismatch in
hydrophobicity or length. However, in other cases, raft affinity
generally decreases with TMD size. For example, TMDs with
hydrophobic length l = 3 nm and hydrophobicity C5 have
totally different raft affinity when r = 1.2 or 0.6 nm. The
thinner TMD (r = 0.6 nm) exhibits similar preferences to both
raft and nonraft domains, whereas the larger TMD (r = 1.2
nm) shows complete nonraft affinity, where much higher
energy barrier induced by the TMD size makes it impossible to
cross into the raft domain. It is worth mentioning that the role
of TMD size in raft affinity observed here is consistent with our
recent experimental results on the role of TMD surface area.12

The qualitative agreement of our PMF calculations with
previously reported results provides support for the usefulness
of our approach to predict the raft affinity of transmembrane
proteins. However, the free energy differences between lipid
domains (tens of kBT) suggested by our PMF calculations are
much larger than those obtained from experiments.10,12,17 An
obvious explanation is the difference between the simulations
and experiments in lipid composition. However, other
contributing factors should also be considered. As mentioned
above, we used a weak position restraint (k = 2 kJ mol−1 nm−1)
along the z-axis on one glycerol bead of DPPC and DAPC
molecules on one membrane leaflet to remove membrane
undulation. Previous studies indicated that this treatment had a
negligible effect on lipid organization.37 Consistent with this
observation, removing the restraint and allowing membrane
undulation (Figure S1f−i) had no significant effect on the
PMF profile of our model systems (compare control and free
membrane in Figure 3). In addition, our idealized TMDs are

packed relatively densely (minimum distance of 0.3 nm) and
are kept rigid and thus have a smooth surface. We tested the
possible effect of these two simplifications on the PMF profiles
by respectively decreasing the packing density and increasing
the surface roughness of a TMD model. As shown in Figure 3,
the free energy difference between ordered and disordered
domains significantly reduced when we replace the initial
TMD with a less dense TMD (Figure S1a,c). We also tested
the effect of the restraint among the CG beads within our
idealized TMD by reducing the force constant to obtain a
relatively flexible and rough TMD (Figure S1a,b). We found
that surface roughness can also contribute to the decrease of
the free energy difference (Figure 3). Finally, we checked how
membrane domain stability might affect the PMF profiles by
simulating a less stable phase-separated membrane (DPPC/
Chol/DUPC, Figure S1e).6 We obtained a much smaller free
energy difference between the Ld and Lo domains (Figure 3),
which is consistent with the different membrane partitioning
thermodynamics of LAT in phase-separated giant unilamellar
vesicles16 and giant plasma membrane vesicles.10 These results
suggest that it is possible to obtain results with our method
that are quantitatively comparable with experiments with
further optimization of TMD packing density and other
features and with the use of more complex lipid compositions.

Effects of TMD Physicochemical Properties on
Membrane Orientation. As discussed above, raft affinity of
TMDs is determined by protein−lipid interactions that are
jointly regulated by the TMD hydrophobic length, hydro-
phobicity, size, and the lipid composition. Our approach using
idealized model TMD provides a simple and fast means of
predicting raft affinity. In addition to lateral dynamics,
membrane orientation of TMD plays a critical role in
regulating a variety of biological processes, such as switching
of transmembrane proteins42−44 between active and inactive
states. Our method can be used to quantify TMD membrane
orientation. As shown in Figure 4, membrane orientation is
affected by both the physicochemical properties of the TMD
and the local lipid composition. In general, tilt angles are
smaller when the TMDs are in the raft domain (Δx < ∼4.5
nm) and the angle is seldom affected by the physicochemical
properties of the TMD. When the TMD relocates to the
nonraft domains, both hydrophobic mismatch and size
significantly affect TMD tilt angles, particularly for the more
hydrophobic TMDs. The effects of mismatch in the hydro-
phobic length are very obvious in all cases (Figure 4). When
TMD hydrophobic length exceeds the hydrophobic thickness
of the nonraft domains (Δx > ∼4.5 nm), the tilt angle
increases with hydrophobic length, which is consistent with the
reported role of hydrophobic mismatch in TMD orienta-
tion.45−47 We further found that the mismatch in hydro-
phobicity between TMD and the hydrocarbon region of the
membrane also has a dramatic impact on TMD orientation:
more hydrophobic TMDs tend to have a larger tilt angle
(Figure 4a,c). Furthermore, comparison of TMDs with r = 0.6
nm and r = 1.2 nm (Figure 4) clearly shows that the
equilibrium tilt angle decreases with TMD radius.

■ CONCLUSIONS
In this work, we proposed an approach based on PMF
calculations on idealized TMDs and model membranes to
predict TMD membrane partitioning thermodynamics. By
systematically varying the length, hydrophobicity, and size of
our model TMDs and performing extensive umbrella sampling

Figure 3. Free energy profile of a TMD in a DPPC/Chol/DAPC
bilayer simulated without a restraint force to remove membrane
undulation (free membrane), modeled with increased surface
roughness (rough TMD) or decreased packing density (loose
TMD), and simulated in a membrane model with lower domain
stability (DPPC/Chol/DUPC). A DPPC/Chol/DAPC membrane
system containing a TMD of radius r = 0.6 nm, hydrophobicity C5,
and hydrophobic length l = 4 nm was used as the reference (control).
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MD simulations, we showed that our method reproduced
trends observed in experiments on the role of hydrophobic
mismatch (mismatch in the hydrophobic length between TMD
and the hydrocarbon region of membrane) in determining
TMD raft affinity and orientation, which validated the
feasibility of our approach. Our results further revealed a
major impact of TMD hydrophobicity and size on raft affinity
and membrane orientation, suggesting that lipid domain
preference and orientation of TMDs are jointly determined
by multiple physicochemical properties. It is worth mentioning
that our calculations did not quantitatively reproduce lipid
domain partitioning free energy of peptides such as LAT
measured in giant plasma membrane vesicles. This is because,
in addition to the many approximations inherent in CGMD,
factors such as membrane domain stability, TMD flexibility,
and roughness contribute to the lipid domain preference of
proteins.
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