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The partitioning of membrane proteins into lipid domains in cellular membranes is closely associated with the realiza-
tion of the protein functions and it is influenced by various factors such as the post-translational modification of palmitoy-
lation. However, the molecular mechanism of the effect of palmitoylation on membrane protein partitioning into the lipid
domains remains elusive. In this work, taking human peripheral myelin protein 22 (PMP22) as an example, we employ
coarse-grained molecular dynamics simulations to investigate the partitioning of both the natural PMP22 and the palmi-
toylated PMP22 (pal-PMP22) into the lipid domains of model myelin membranes. The results indicate that palmitoylation
drives PMP22 to localize at the boundary of the liquid-ordered (Lo) and liquid-disordered (Ld) domains and increases the
possibility of PMP22 partitioning into the Lo domains by changing the hydrophobic length of the proteins and perturbing
the ordered packing of tails of the saturated lipids in the Lo domains. This work offers some novel insights into the role of
palmitoylation in modulating the function of membrane proteins in cellular membranes.

Keywords: protein, palmitoylation, lipid domain, molecular simulation
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1. Introduction
The composition of plasma membranes is highly com-

plex, composed of thousands of different lipids and various
membrane proteins.[1] Due to distinct physicochemical prop-
erties, lipids segregate into nanosized domains with unique
characteristics under physiological conditions.[2] For instance,
lipid rafts represent a typical type of liquid-ordered (Lo) do-
mains enriched in saturated lipids, cholesterol (CHOL), and
specific proteins.[3,4] In contrast, liquid-disordered (Ld) do-
mains, enriched with unsaturated lipids, are another key fea-
ture of plasma membranes. The distribution of membrane
proteins across these lipid domains is closely associated with
the biological functions of the membrane proteins and the
properties of the domains themselves.[5–7] Previous studies
have found that many membrane proteins prefer to partition
into lipid rafts or Lo domains in the natural plasma mem-
branes or the giant plasma membrane vesicles (GPMVs) while
they preferentially partition into Ld domains in simplified
model cellular membranes such as the giant unilamellar vesi-
cle (GUV) composed of ternary lipids of saturated lipids, un-
saturated lipids, and CHOL.[8–14] These findings suggest that
the partitioning of membrane proteins into lipid domains in
plasma membranes is rather complicated and may involve
many factors.

Human peripheral myelin protein 22 (PMP22) is a mem-
brane glycoprotein playing key roles in the formation of

myelin and CHOL homeostasis in the peripheral myelin
sheath.[15–19] As one of the major myelin proteins, PMP22 is
tightly linked to a variety of peripheral myelin nerve diseases,
including Charcot–Marie–Tooth (CMT) disease,[20] heredi-
tary neuropathy with liability to pressure palsies,[21] and in-
flammatory demyelinating polyneuropathy,[22] through muta-
tions or abnormal expressions.[23]

As a membrane protein, the function of PMP22 is pri-
marily regulated by its interactions with lipids in the myelin
membrane.[24,25] Particularly, the partitioning of PMP22 into
the lipid domains has a significant impact on the functions of
the protein. It has been found that PMP22 preferentially parti-
tions into Lo domains in the myelin membrane, whereas mu-
tations may change the PMP22 partitioning into the lipid do-
mains, leading to diseases.[20,26,27] On the contrary, PMP22
may also influence the lateral organization of lipids in the
myelin membrane.[28,29] For example, the over-expression of
PMP22 has been shown to disturb the ordered packing of
lipids in the myelin membrane, affecting the membrane sta-
bility and the myelin function.[19] However, the microscopic
mechanism dominating the PMP22 partitioning into the lipid
domains are still poorly understood.

Palmitoylation is a crucial post-translational modification
that plays a key role in the functions of PMP22.[30] In the
palmitoylation of PMP22, the palmitic acid chain is cova-
lently grafted to the cysteine at residue 85.[30,31] Recently,
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it has been shown that both PMP22 and the palmitoylated
PMP22 (pal-PMP22) prefer to partition into Lo domains in
the GPMVs derived from the natural myelin membranes, in-
dicating that palmitoylation has no obvious impact on the
partitioning of PMP22 in the lipid domains in the natural
myelin membrane.[26] However, in the ternary GUV com-
posed of palmitoyloleoyl-phosphocholine (POPC), palmitoyl-
sphingomyelin (PSM), and CHOL, the natural PMP22 was
found to preferentially partition into Ld domains.[32] Although
there is no direct evidence of the effects of palmitoylation on
the partitioning of PMP22 into lipid domains in GUV systems,
experiments have shown that palmitoylation significantly af-
fects the partitioning of other proteins in these systems, driving
them from the Ld domains to the Lo domains.[33,34] Therefore,
palmitoylation may also exhibit varying effects on the parti-
tioning of PMP22 into lipid domains across different mem-
branes, and it may be a crucial driving force for the parti-
tioning of pal-PMP22 into the lipid rafts in the natural myelin
membranes. Despite these efforts, the microscopic mechanism
by which palmitoylation affects the partitioning of PMP22 into
lipid domains remains elusive.

In this study, we investigate how palmitoylation affects
the partitioning of PMP22 into the lipid domains in model
myelin membranes by employing coarse-grained molecular
dynamics (MD) simulations.[35,36] Our results show that the
effect of palmitoylation on the partitioning of PMP22 into the
lipid domains varies in model myelin membranes composed of
different lipids. In the ternary lipid bilayers composed of sat-
urated dipalmitoyl–phosphatidylcholine (DPPC), unsaturated
dilinoleoyl–phosphatidylcholine (DIPC), and CHOL, palmi-
toylation exhibits an obviously facilitating effect on the local-
ization of PMP22 at the boundary of the Lo and Ld domains.
However, in the lipid bilayers composed of DPPC, dioleoyl–
phosphatidylcholine (DOPC), and CHOL, the effect of palmi-
toylation on the partitioning of PMP22 into the lipid domains
is negligible. We further reveal the microscopic mechanism
of the effect of palmitoylation on the partitioning of PMP22
into the lipid domains from the thermodynamic perspective,
providing the molecular insights into PMP22 partitioning into
lipid rafts in the natural myelin membranes.

2. Model and methods
2.1. System setup

To study the interaction between PMP22 and myelin
membranes, we used coarse-grained Martini 3 force field
to build the molecular simulation models.[37,38] The Mar-
tini force field has been successfully used to investigate the
phase separation and protein–lipid interactions in cellular
membranes.[39–43] Compared with Martini 2, the latest Mar-
tini 3 introduces new bead types to reduce the excessive hy-

drophobicity and self-interactions of proteins encountered in
Martini 2.[35,38]

2.1.1. Proteins

Since the crystal structure of PMP22 has not yet been
resolved experimentally, we adopted the computed PMP22
structure (AlphaFoldDB: Q01453) released by AlphaFold2 for
the simulations.[44,45] The amino acid sequence of PMP22 is
shown in Fig. 1(a). The palmitoylation of PMP22 was realized
by the online tool CHARMM-GUI (https://www.charmm-
gui.org/).[46] The coarse-grained structure of the proteins were
obtained by using the scripts of martinize2 provided by the
Martini force field developers. The palmitoylation of PMP22
was described by the coarse-grained Martini 3 force field de-
veloped by Koukos et al.[47] The coarse-grained molecular
structures of the natural PMP22 and the pal-PMP22 are illus-
trated in Fig. 1(b). In the pal-PMP22, the palmitic acid chain
is covalently linked to the cysteine at residue 85 (CYS85) ac-
cording to the experimental structure.[30]
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Fig. 1. (a) The amino acid sequence of PMP22, with the palmitoylation site
(CYS85) highlighted in green. (b) The coarse-grained structures of proteins of
PMP22 and pal-PMP22 with the palmitic acid chain shown in purple, and the
coarse-grained structures of the lipids used in this work. Here, the positions
of the unsaturated double bonds in the lipid tails are shown in orange. The
number of the bond is labeled for the convenience of the calculation of the or-
der parameter of the lipid tails. (c) The structure of a lipid bilayer composed
of DPPC (blue), DIPC (red), CHOL (cyan) with a PMP22 protein inserted.
(d) The structure of a pre-separated Lo–Ld–Lo lipid bilayer (top) composed of
DPPC, DIPC, and CHOL and inserted with a PMP22 protein, with flat-bottom
potentials (bottom) imposed on DPPCs (blue) and DIPCs (red), respectively.

2.1.2. Lipid bilayers

Using the tool of INSANE developed by Martini
group,[48] we constructed two kinds of ternary lipid bilayers
composed of 274 DPPCs, 205 DIPCs or DOPCs, and 205
CHOLs with the molar ratio of 4:3:3. The coarse-grained
molecular structures of the lipids are shown in Fig. 1(b). Here,
DPPC is the fully saturated lipid, while DIPC and DOPC
are unsaturated lipids with two and one unsaturated double
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bond(s) per fatty acid tail, respectively. The structure of a
lipid bilayer composed of DPPC, DIPC, and CHOL is shown
in Fig. 1(c). At the simulation temperature (300 K) in this
work, both the lipid bilayers spontaneously segregate into Lo
domains enriched in DPPC and CHOL and Ld domains en-
riched in DIPC or DOPC.[41,49] Additionally, the physiologi-
cal environments of the lipid bilayers were mimicked using the
explicit coarse-grained water molecules and 0.15-M sodium
chloride (NaCl).

2.2. Simulation protocol

The coarse-grained MD simulations were performed us-
ing the GROMACS (version 2019.7) package.[50] In the sim-
ulations, the nonbonded electrostatic interaction was shifted
to zero within 0 nm–1.2 nm, and the Lennard–Jones inter-
action was shifted to zero between 0.9 nm and 1.1 nm. All
simulations were implemented using the isothermal–isobaric
(NpT) ensemble with constant particle number, pressure, and
temperature. A velocity-rescaling thermostat with a time
coupling constant of 1 ps was used to maintain the temper-
ature at 300 K.[51] The pressure was maintained at 1 bar
(1 bar = 105 Pa) in both the bilayer plane (xy) and the bilayer
normal (z) directions using a semi-isotropic Berendsen baro-
stat with a time coupling constant of 1 ps.[52] Periodic bound-
ary conditions were applied in all three directions. The inte-
gration time step for the MD simulations was 20 fs and each
simulation was run for a total length of 20 µs.

2.3. Calculation of PMF of PMP22/pal-PMP22 in different
lipid domains

To elucidate the interactions between PMP22/pal-PMP22
and the Lo/Ld domains from the thermodynamic perspective,
we calculated the potential of mean force (PMF) using the um-
brella sampling method. For the convenience of the PMF cal-
culation, as shown in Fig. 1(d), we constructed a pre-separated
lipid bilayer with an Lo–Ld–Lo structure by restraining the
lateral diffusion of the lipids through an inverted flat-bottom
harmonic potential[53]

VLo(Ld)(x)=


k(|x− xc|−d/2)2

2
, if |x− xc|−d/2 < 0;

0, if |x− xc|−d/2≥ 0.
(1)

Here, k = 500 kJ·mol−1·nm−2 is the force constant of the po-
tential, xc is the lateral coordinate of the center of the lipid
domains in the x direction, and d is the width of the lipid do-
mains in the x direction. For the Lo domain, xc is located at the
center of the simulation box in the x direction, while for the Ld
domain, xc is located at the boundary of the simulation box.[54]

It is notable that the inverted flat-bottom potential is only im-
posed on DPPC in the Lo domain and DIPC or DOPC in the
Ld domain while the CHOL molecules were not restrained.

The Lo domain consists of 160 DPPCs and 120 CHOLs with
the molar ratio of 4:3 while the Ld domain is composed of 94
pure DIPCs or DOPCs.

In the umbrella sampling simulation, the x coordinate of
the protein was chosen as the reaction coordinate and the simu-
lation windows were produced by the pulling simulation with
an interval of 0.1 nm. The protein was restrained by a har-
monic potential with a force constant of 1000 kJ·mol−1·nm−2

in each window. Each window was simulated for 500 ns and
the last 200-ns trajectory was used to calculate the PMF pro-
file using the weighted histogram analysis method (WHAM)
with the gmx wham tool in the package of GROMACS.[55,56]

Addtionally, the errors of the PMF were estimated using the
bootstrapping method.[56,57] To estimate the convergence of
the PMF, the simulation trajectory of the last 200 ns was di-
vided into several segments to compare the PMF profile.[58]

2.4. Data analysis

The visualization of the MD trajectories was realized us-
ing the software of Visual Molecular Dynamics (VMD).[59]

The number of contact between the protein and lipids was
calculated using the gmx mindist tool with a cutoff distance
0.5 nm in the GROMACS package. Additionally, the contact
map was derived from data obtained by calculating the num-
ber of contacts between each amino acid and the lipids using
the same tool. The order parameter (Pz =

1
2 (3cos2 θ − 1)) of

the lipid tail chains was calculated using the scripts developed
by the Martini group. Here, θ is the averaged angle between
the bond in the lipid tails and the bilayer normal. Pz = 1 rep-
resents the lipid tails aligning perfectly parallel with the bi-
layer normal, Pz = 0 represents the random packing of the lipid
tails, and Pz = −0.5 represents the anti-parallel alignment of
the lipid tails with the bilayer normal.

3. Results and discussion
3.1. Partitioning of PMP22/pal-PMP22 into lipid domains

Figure 2(a) shows the distribution of PMP22 in the lipid
bilayers composed of DPPC, DIPC, and CHOL in the 20-
µs simulation. We find that, in most of the simulation time,
PMP22 either partitions into the Ld domain enriched in DIPC
or localizes near the boundary of the Lo and Ld domains, but it
is not found to partition into the Lo domain enriched in DPPC
and CHOL. This result agrees with the experimental results
of the partitioning of PMP22 in the GUV composed of sim-
ple ternary lipids.[32] However, in the GPMV extracted from
the Hela cell, PMP22 was found to preferentially partition
into the Lo domains, which is not consistent with our simu-
lation results.[26] Therefore, the compositional complexity of
the lipid bilayers has a significant effect on the partitioning of
PMP22 into the lipid domains.

058701-3



Chin. Phys. B 34, 058701 (2025)

 t=4.105 ms t=16.490 ms t=20.000 ms t=0.001 ms t=10.000 ms 

t=13.900 ms t=20.000 ms t=0.001 ms  t=10.000 ms t=3.050 ms 

(a)

(b)

Fig. 2. Representative snapshots for the partitioning of (a) PMP22 and (b) pal-PMP22 into the lipid domains in the lipid bilayer composed of
DPPC (blue), DIPC (red), and CHOL (cyan) in the 20-µs simulations.

To elucidate the effect of palmitoylation on the partition-
ing of PMP22 into the lipid domains, we further examine the
partitioning of pal-PMP22 in the DPPC/DIPC/CHOL bilayer
and the simulation results are shown in Fig. 2(b). The results
indicate that pal-PMP22 localizes near the boundary of the Lo
and Ld domains in most of the simulation time. However, it is
found that the palmitoylation site is always in contact with sat-
urated lipids and CHOL, even when pal-PMP22 partitions into
the Ld domains. In the lipid bilayer of DPPC/DOPC/CHOL,
the partitioning of PMP22 and pal-PMP22 is similar and both
of them prefer to partition into the Ld domains enriched in
DOPCs (data not shown).
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Fig. 3. (a) The contact number of PMP22 and pal-PMP22 with DPPCs and
CHOLs in the Lo domains in two lipid bilayers with different compositions.
The error bars represent the standard deviations. (b)–(c) Contact maps for the
residues of PMP22 and pal-PMP22 with DPPCs and CHOLs in the lipid bi-
layers composed of (b) DPPC/DIPC/CHOL and of (c) DPPC/DOPC/CHOL.
The position of the palmitoylation site is labeled with a red circle.

To examine the partitioning of PMP22/pal-PMP22 into
the Lo domains, we analyzed the number of contacts of
the proteins with DPPCs and CHOLs in the Lo domain
of the two lipid bilayers as shown in Fig. 3(a). We
find that the number of contacts between the proteins
and DPPCs as well as CHOLs in the lipid bilayer of
DPPC/DOPC/CHOL is obviously larger than that in the lipid
bilayer of DPPC/DIPC/CHOL, indicating that the composi-
tion of the lipid bilayer has a significant impact on the par-
titioning of the proteins into the Lo domains. Additionally,
as shown in Fig. 3(a), we also find that pal-PMP22 exhibits
a higher affinity with the Lo domain than PMP22 in the bi-
layer of DPPC/DIPC/CHOL while they show a similar affin-
ity with the Lo domain in the bilayer of DPPC/DOPC/CHOL.
Furthermore, the contacting maps of PMP22/pal-PMP22 with
the lipids shown in Figs. 3(b) and 3(c) illustrate the de-
tailed interactions between the residues of the proteins and
the lipids. In the bilayer of DPPC/DIPC/CHOL, the con-
tacts between pal-PMP22 and DPPC/CHOL at the palmitoy-
lated site (CYS85) obviously increase compared with the con-
tacts between PMP22 and DPPC/CHOL. However, in the bi-
layer of DPPC/DOPC/CHOL, the contacts between the two
proteins and DPPC/CHOL at the palmitoylated site are sim-
ilar. Therefore, palmitoylation plays a significant role in
the affinity of PMP22 with the Lo domain in the bilayer of
DPPC/DIPC/CHOL while it has a negligible effect on the par-
titioning of PMP22 in the bilayer of DPPC/DOPC/CHOL.

To thermodynamically understand the partitioning of
PMP22/pal-PMP22 into the lipid domains, we calculated the
PMF profiles of the proteins and the phase-separated lipid bi-
layer as shown in Fig. 4. In the bilayer of DPPC/DIPC/CHOL
as shown in Fig. 4(a), the minimum of the PMF profile of
the PMP22 is located at the center of the Ld domain, indi-
cating that the protein prefers to partition into the Ld domain.
For pal-PMP22, the minima of the PMF profile localize at the
boundary of the Lo and Ld domains, as illustrated by the inset,
indicating that pal-PMP22 prefers to be located at the bound-
ary of the lipid domains. In addition, the difference of the
PMF for PMP22 partitioning into the Lo and Ld domains is
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larger than the difference of the PMF for pal-PMP22 partition-
ing into the Lo and Ld domains, which implies that palmitoy-
lation increases the possibility of PMP22 partitioning into the
Lo domain. In the bilayer of DPPC/DOPC/CHOL as shown
in Fig. 4(b), however, the difference in the PMF profiles for
PMP22 and pal-PMP22 partitioning into the lipid domains is
negligible, indicating that both the proteins primarily prefer to
partition into the Ld domain and palmitoylation has little effect
on the partitioning of PMP22 into the lipid domains.
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3.2. Palmitoylation-induced tilt of PMP22 enhances its
affinity with Lo domain

To gain a microscopic understanding of how palmitoy-
lation affects the partitioning of PMP22 into lipid domains,
we analyzed the tilting angle of PMP22 and pal-PMP22 rel-
ative to the bilayer normal, as illustrated in Fig. 5. The
tilting angles dynamically vary throughout the simulations
and exhibit a Gaussian-like distribution. In the bilayer of
DPPC/DIPC/CHOL, the peak of the distribution of the tilting
angle of pal-PMP22 is obviously larger than that of PMP22
as shown in Fig. 5(a), suggesting that palmitoylation enhances
the tilt of PMP22 in the lipid bilayers. This result is also con-
sistent with the snapshots shown in Fig. 2 where pal-PMP22
is obviously tilted in the lipid bilayer in most of the simu-
lation time. Additionally, as shown in Fig. 2, PMP22 and
pal-PMP22 mainly partition into the Ld domain which has a
relatively small hydrophobic thickness.[60–62] Therefore, the
larger tilting angle of pal-PMP22 indicates that the hydropho-

bic palmitic acid chain in the pal-PMP22 increases the hy-
drophobic thickness of the proteins, inducing a larger hy-
drophobic mismatch between the protein and the Ld domain.
The Lo domain, with a larger hydrophobic thickness, matches
the hydrophobic thickness of pal-PMP22 better than the Ld
domain. Consequently, pal-PMP22 shows an affinity with the
Lo domain or tends to localize at the boundary of the Lo/Ld
domains as indicated by the PMF profile in Fig. 4(a) with the
influence of the hydrophobic mismatch effect.
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Fig. 5. The distribution of tilting angles of PMP22 and pal-PMP22
in the lipid bilayers composed of (a) DPPC/DIPC/CHOL and of
(b) DPPC/DOPC/CHOL.

In the bilayer of DPPC/DOPC/CHOL, however, since the
degree of unsaturation of DOPC is small, the hydrophobic
thickness of the Ld domain is comparable to that of the Lo do-
main. Thus, the tilting angles of PMP22 and pal-PMP22 are
comparable as shown in Fig. 5(b). Consequently, in the bilayer
of DPPC/DOPC/CHOL, the hydrophobic mismatch effect is
not so significant as in the bilayer of DPPC/DOPC/CHOL
and has a negligible effect on the protein partitioning into the
Lo domain, which provides one of the possible microscopic
mechanisms for the PMF profile shown in Fig. 4(b).

3.3. Palmitoylation influences the packing order of lipids.

We further examined the packing order of lipid tails to
understand the effect of palmitoylation on the partitioning
of PMP22 into the lipid domains, as shown in Fig. 6. In
the lipid bilayers of DPPC/DIPC/CHOL, the order parame-
ters of DIPCs are nearly identical in the bilayer inserted with
PMP22 and pal-PMP22 as shown in Fig. 6(a), indicating that
the palmitic acid chain has no influence on the packing order
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of DIPC. However, the order parameter of DPPC obviously in-
creases in the bilayer inserted with pal-PMP22, compared with
that in the bilayer inserted with PMP22 (Fig. 6(b)). Therefore,
the palmitic acid chain enhances the ordered packing of DPPC
in the Lo domain. The different influences of the palmitic acid
chain on the packing order of DIPCs and DPPCs may be a
crucial factor for promoting pal-PMP22 to be located at the
boundary of the Lo/Ld domains or partition into the Lo do-
main in the lipid bilayer of DPPC/DIPC/CHOL as illustrated
by the PMF in Fig. 4(a).

However, in the lipid bilayer of DPPC/DOPC/CHOL, as
illustrated in Figs. 6(c) and 6(d), both the order parameters
of DOPCs and DPPCs are barely influenced by the palmitic
acid chain and they are identical in the bilayers inserted with
pal-PMP22 and PMP22. Thus, both PMP22 and pal-PMP22
prefer to partition into the Ld domain enriched in DOPCs as
indicated by the PMF in Fig. 4(b).
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Fig. 6. (a)–(b) Order parameters of (a) DIPC and (b) DPPC in the lipid bi-
layers composed of DPPC/DIPC/CHOL with the influences of PMP22 and
pal-PMP22. (c)–(d) Order parameters of (c) DOPC and (d) DPPC in the lipid
bilayers composed of DPPC/DOPC/CHOL with the influences of PMP22 and
pal-PMP22. The error bars represent the standard deviations.

4. Conclusions
In this work, we employed coarse-grained MD simu-

lations to study the effect of palmitoylation on the parti-
tioning of PMP22 protein into the Lo and Ld domains in
the phase-separated lipid bilayers. The results indicate that
both PMP22 and pal-PMP22 primarily favor to partition
into the Ld domains in both the lipid bilayers composed of
DPPC/DIPC/CHOL and DPPC/DOPC/CHOL, which agrees
well with the experimental results in the GUV. However,
the palmitic acid chain in the pal-PMP22 still exhibits vary-
ing impacts on the PMP22 partitioning into the lipid do-
mains in the two different lipid bilayers. In the bilayer of
DPPC/DIPC/CHOL, palmitoylation significantly increases the
tilt of PMP22 in the Ld domain and the order parameter of
DPPC in the Lo domain, driving pal-PMP22 to localize at the

boundary of the Lo and Ld domains. Nevertheless, in the bi-
layer of DPPC/DOPC/CHOL, the effect of palmitoylation on
the partitioning of PMP22 into the lipid domains is not so sig-
nificant as that in the bilayer of DPPC/DIPC/CHOL. There-
fore, the effect of palmitoylation on the PMP22 partitioning
into the lipid domains depends on the compositions of the lipid
bilayers, and this result is also consistent with the experimen-
tal results in the GPMV where pal-PMP22 prefers to partition
into the Lo domains. The findings of this work provide some
molecular insights into understanding the effect of palmitoyla-
tion on the interaction between PMP22 and myelin membranes
as well as the physiological function of the protein.
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