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ABSTRACT The degree of unsaturation in lipids, which refers to the number of double bonds in their acyl chains, influences
properties such as fluidity and lipid packing. However, it is not well understood how the unsaturation affects the ability of peptides
to sense membrane curvature. In our study, we compared membranes with varying levels of unsaturation: monounsaturated
POPC; bis-unsaturated DOPC; and polyunsaturated PAPC. We investigated how these membranes interact with peptides of
varying hydrophobicity. Using coarse-grained molecular dynamics simulations, we found that increasing unsaturation leads
to deeper peptide insertion into the lipid bilayer, which correlates with a shift in curvature preference toward more negative
values. We demonstrate that specific peptides preferentially localize on the positively curved regions in saturated membranes
but shift preference to negatively curved regions in unsaturated membranes, thereby functioning as sensors of membrane un-
saturation. In addition, polyunsaturated lipids facilitate the reorientation of peptides from a membrane-adsorbed state to a trans-
membrane state. These findings may play a role in biological processes such as vesicle formation, membrane fusion, and
protein sorting and highlight the adaptability of peptides to different lipid compositions in membranes.

SIGNIFICANCE Unsaturated lipids contain one or more double bonds in their acyl chains. These unsaturated lipids are
abundant in cellular organelles such as the endoplasmic reticulum and in specific tissues including human heart and brain.
However, it remains unclear how the presence of unsaturated lipids affects the function of membrane proteins. This study
demonstrates that a higher degree of membrane unsaturation results in deeper insertion of amphiphilic peptides, shifting
the sensing of membrane curvature to negative values. Moreover, stabilization of transmembrane state in an unsaturated
membrane can lead to reorientation of a-helices depending on the membrane unsaturation level, providing a possibility for
the regulation of protein localization and function.

INTRODUCTION membrane—they encounter distinctly different lipid envi-
ronments (3,7-9). The ER is a complex system of intercon-
nected membrane discs and cylinders and is rich in
unsaturated lipids, which possess one or more double bonds
in their acyl chains. In contrast, the relatively flat plasma
membrane has a higher concentration of saturated lipids
(10,11). These variations in lipid composition not only influ-
ence the physical properties of the membrane, such as water
permeability and fluidity, but are also crucial for the appro-
priate sorting and function of membrane proteins and pep-
tides (12). Furthermore, these membrane-bound proteins
can sense and adapt to the changing lipid environments by
exhibiting a differential topological orientation within the

The interaction of peripheral proteins with membranes is
governed by a complex interplay of factors including protein
sequence, lipid composition, solvent environment (1-3),
physical constraints such as curvature, spatial organization
of membrane proteins, and the lipid phase behavior (4-6).
These interactions are critical for the structural integrity
and functional dynamics of cellular membranes.

As membrane-bound proteins progress through the
secretory pathway—from the endoplasmic reticulum (ER)
to the Golgi apparatus and ultimately to the plasma
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membrane (13).
Curvature-sensing proteins can preferentially localize
to or interact with membranes of specific curvature. They
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are able to respond to changes in membrane curvature and
regulate a variety of cellular processes, including vesicle
trafficking and endocytosis (5,14). The ability to sense cur-
vature is attributable to their curvature-sensing motifs,
mainly BAR (Bin/Amphyphisin/Rvs) domains or amphi-
pathic helices (AHs) (14,15). The BAR domain forms an
arched structure that enables it to discriminate membrane
curvature (16).

AHs, in contrast to BAR domains, do not contain intrin-
sically curved surfaces, which would explain their curvature
preference. Instead, their curvature-sensing mechanism was
interpreted as binding to lipid-packing defects (17,18), i.e.,
imperfections in the arrangement of lipid molecules within
the bilayer. These defects are enriched in membrane regions
of positive curvature where packing of lipid headgroups is
looser (18). AHs, such as the ALPS (amphipathic lipid pack-
ing sensor) peptide, can thus effectively sense positive mem-
brane curvature. Nevertheless, they could sense also
different regions as lipid packing defects can also arise
from the presence of tension or nonlamellar lipids (19).

Campelo and Kozlov proposed a distinct mechanism for
curvature sensing of AHs, emphasizing the role of internal
membrane stress (20). Due to membrane bending, signifi-
cant internal stresses arise within the lipid headgroups in re-
gions of positive curvature. These stresses lead to packing
defects connecting the two proposed mechanisms. However,
membrane bending also alters intramembrane stresses
beyond the headgroup region (21), potentially providing
additional cues for peptide interaction, especially in regions
with negative curvature, where lipid defects are reduced.
This mechanism thus extends the concept of curvature
sensing to negatively curved membrane regions. Recently,
AHs able to recognize negative membrane curvature were
identified (22).

Membrane proteins play vital roles in cellular functions
and are generally considered to have stable transmembrane
orientations. Yet, recent findings increasingly support that
these transmembrane helices are topologically malleable
and can undergo dynamic reorientation with shifts in the
lipid milieu (13,23). Experimentally investigating these sub-
tle yet crucial changes at physiologically relevant timescales
is challenging. Therefore, molecular dynamics simulations
are ideal to provide detailed insights into the energetics
and mechanisms that underlie the conformational flexibility
of membrane proteins.

In this study, the primary objective was to elucidate the
impact of lipid unsaturation on peptide-membrane interac-
tions. To this end, coarse-grained simulations were em-
ployed to analyze the effects of varying lipid bilayer
unsaturation on peptide insertion and subsequent reorienta-
tion into a transmembrane state. To further investigate these
mechanisms, free energy calculations were conducted to
determine peptide orientation preferences. Moreover, the
localization and behavior of these peptides on curved bila-
yers were analyzed, with a focus on how varying levels of

4088 Biophysical Journal 124, 4087—4095, December 2, 2025

lipid unsaturation and membrane curvature collectively in-
fluence peptide sorting. The findings of this study highlight
the dynamic interplay between peptide properties and mem-
brane composition.

MATERIALS AND METHODS

All-atom structures of the 21-residue-long peptides, composed solely of
leucine and serine (see Table 1), were generated using MODELLER (24)
version 9.11. They were constructed as fully a-helical and subsequently
converted to a coarse-grained representation using the martinize.py script,
version 2.6, with an enforced a-helical secondary structure (25). The inves-
tigated peptides have systematically varied size of hydrophobic patches to
evaluate the impact of hydrophobicity on their interaction with membranes
of different unsaturation levels. The scale of hydrophobicity is derived from
N-acetyl-amino-acid amides’ partitioning between water and octanol (26).

A total of three membrane lipid compositions were examined, each ex-
hibiting progressively higher degree of unsaturation. Specifically, these
membranes consisted of phosphatidylcholine (PC) lipids with PO (palmi-
toyl-oleoyl, 16:0-18:1), DO (dioleoyl, 18:1-18:1), or PA (palmitoyl-arach-
idonoyl, 16:0-20:4) acyl chains. All initial membrane structures were
generated using CHARMM-GUI web server (27,28), and subsequent sim-
ulations were performed using GROMACS (29) version 2021.4 with the
PLUMED (30) plugin, in combination with coarse-grained Martini 2.2
force field (25,31), which was successfully applied to study curvature
sensing and sorting of proteins and lipids alike (18,22,32).

In this study, we have employed two types of membrane systems:
buckled and planar membranes. Both will be introduced separately.

Detailed simulation protocols for the preparation of all systems are pro-
vided in the supporting material.

Planar membrane
Insertion depth

The system with planar membrane comprises 184 lipid molecules (92 per
leaflet) and two peptide copies, with one copy placed on each leaflet in
the headgroup region with parallel orientation to the membrane plane.
Membrane systems were prepared separately for POPC, DOPC, and
PAPC lipid types with peptides L10 through L15. Molecular dynamics sim-
ulations were performed for 40 ps per system with three independent
replicates.

During the analysis, we quantified the depth of peptide insertion, which
we defined as the z-distance between the center of mass (COM) of the pep-
tide and phosphate beads of the corresponding leaflet within a cylindrical
selection with radius of 1.0 nm. The simulations were performed for
40 ps, and the simulation configurations were saved after every 400 ps,
yielding a total of 100,000 configurations. The z-distance was then

TABLE 1 Summary of the peptide labels used in this work,
their respective amino acid sequences, and mean
hydrophobicity

Peptide Sequence Hydrophobicity
L10 LSSLLSLLSSLLSSLSSLLSS 0.789
L11 LSSLLSLLSSLLSLLSSLLSS 0.871
L12 LSSLLSLLSSLLSLLSSLLSL 0.954
L13 LSLLLSLLSSLLSLLSSLLSL 1.037
L14 LSLLLSLLSLLLSLLSSLLSL 1.120
L15 LSLLLSLLSLLLSLLSLLLSL 1.203
L16 LSLLLLLLSLLLSLLSLLLSL 1.286




calculated for all configurations, and the mean value was reported as the
insertion depth.

Free energy calculation

Planar membrane systems consisting of 400 lipids each were constructed
for POPC, DOPC, and PAPC lipid types, and free energy calculations
were performed for peptides L12 and L16. Only a single peptide copy,
placed on the upper leaflet of the membrane, was used in these simulations.
Accelerated weight histogram (AWH) method was employed to calculate
the potential of mean force (PMF) to study the orientation preference of
the peptide within the membrane (33). AWH is an enhanced sampling
method that adaptively applies a bias along selected reaction coordinates
to efficiently obtain the PMF. Unlike umbrella sampling, AWH does not
require tuning of parameters based on the shape of the free energy land-
scape, making it effective across both flat and steep regions with a single
set of parameters.

Two collective variables (CVs) were used: 1) the distance of the COM of
the peptide to the COM of the membrane (CV1) and 2) the angle between
the peptide and the z-axis (parallel to the membrane normal, CV2) were
used to calculate the free energy profiles. The input force constants were
set to 1000 kJ mol " nm 2. The default setup of convolution of Gaussians
produced by harmonic umbrellas was used as the AWH potential. The sim-
ulations were performed for 25 ps. The PMFs were extracted from the AWH
method as implemented in GROMACS tool gmx awh. The obtained free
energy profiles were symmetrized for the peptide sampling the upper and
lower leaflet, and the errors were estimated from these two independent
data sets. The one-dimensional PMF along the CV1 was obtained by Boltz-
mann averaging as

— PAG(CV1,CV2) dcv?2
AG(CV1) = —RTln(fe > (1

C

where R is the universal gas constant, and C with units of length ensures a
dimensionless argument of the logarithm. The obtained one-dimensional
free energy profile was then vertically shifted so that AG,,;, = 0.

Buckled membrane

The simulations on buckled bilayers were performed for POPC, DOPC, and
PAPC membranes for peptides L10 through L15 for at least 25 ps. A snap-
shot of the prepared system is shown in Fig. 1.

Trajectories were analyzed utilizing the in-house modified version of the
MemCurv Python package, developed by Bhaskara et al. (34). In brief, the
method is based on a Monge gauge (35), where the membrane surface is
described by a single function, in this case, the height function, obtained
by fitting positions of phosphate beads. For this purpose, a two-dimensional
(2D) Fourier series was used together with least squares optimization.
Subsequently, the obtained membrane surface enabled the calculation of
principal curvatures and corresponding mean and Gaussian curvatures at
a given point. The analysis was performed separately for each system
configuration in the trajectory. To remove the uneven sampling resulting
from the underlying geometry of membrane buckle, the distributions of
sampled curvature were reweighted using the distribution of accessible cur-
vature at membrane surface. Further details are provided in Supplementary
Methods.

RESULTS

The biophysical properties of the studied membranes
including area per lipid, order parameters, lipid packing de-
fects, and partial density profiles are displayed in Figs. S2,
S3, S4, and S5, respectively. An increased level of unsatura-
tion results in a larger area per lipid, as evidenced by calcu-
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Positive Curvature

FIGURE 1 A representative snapshot of the buckled bilayer system. One
peptide was placed on each membrane leaflet, one in the region of positive
and the other in the region of negative membrane curvature. Throughout the
simulation, the peptides were able to diffuse freely.

lated values of (65 + 1) A% (68 = 1) A and (76 = 1) A2
for POPC, DOPC, and PAPC membranes, respectively
(Fig. S2). Similarly, lipid-packing defects were also
affected, and their incidence increased with higher unsatura-
tion. The corresponding defect area constants for POPC,
DOPC, and PAPC are (19.2 + 0.4) A%, (22.5 + 0.9) A,
and (35.7 + 0.2) A%, respectively. Fig. S3 illustrates the
positive correlation between lipid unsaturation and the inci-
dence of packing defects. These findings are in agreement
with previous experimental and computational studies
(36-40).

Membrane unsaturation was also found to have an impact
on the insertion depth of the studied peptides (Fig. 2 D). The
peptides inserted deeper into the membrane as the level of
unsaturation increased; see Fig. 2. Higher peptide hydropho-
bicity (by mutating serine to leucine residues, raising their
count from 10 in L10 to 15 in L15) also resulted in a deeper
peptide insertion Fig. 2 D). This effect was more pro-
nounced on polyunsaturated PAPC membrane, compared
with both POPC (p < 0.05) and DOPC (p < 0.05), whereas
POPC and DOPC showed equal trends of insertion depth
(p = 0.67). The significance of the different slopes was esti-
mated with two-sample 7-tests.

We also investigated the local effect of the peptides on the
membrane properties, specifically its thickness (Fig. S11)
and Scc order parameter (Fig. S12); for details of the
methods, see the Supporting Material. We observed that
the local lipid order parameters around the peptides did
not vary significantly. However, the local membrane thick-
ness was consistently lower around peptides, indicating a
thinning effect on the tested membranes.

With increasing hydrophobicity of peptides, there is an
increasing chance that the peptides would reorient and
become transmembrane. Indeed, we observed a spontaneous
transmembrane reorientation of hydrophobic peptides in
lipid membranes with different degrees of unsaturation in
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FIGURE 2 The effect of peptide hydrophobicity
) on the depth of insertion within the membrane with
varying degrees of unsaturation, namely POPC,
DOPC, and PAPC. (A) Helical wheel diagrams of
studied peptides with increasing size of hydropho-
bic patch. (B) Employed lipids depicted in Martini
model. The gray beads represent the hydrophobic
acyl chains, whereas the red beads represent the
unsaturated beads in the tails. The orange and
blue beads represent the phosphate and choline
beads, respectively. (C) The depth of peptide inser-
tion in the membrane is defined as the z-distance

i

0.8 0.9 1.0

¢ Mean Hydrophobicity '

11 12 between the peptide center of mass and lipid phos-
phates within a cylindrical selection with radius (r)
of 1.0 nm. (D) The depth of peptide insertion in

POPC, DOPC, and PAPC membranes as a function of peptide mean hydrophobicity. The error bars represent the standard deviation calculated from three

independent simulations.

our unbiased molecular dynamics simulations. The propen-
sity of the peptides to go transmembrane was observed pri-
marily on polyunsaturated membranes of PAPC for the L16
peptide (Fig. 3). The peptide repeatedly sampled the
adsorbed and transmembrane states, due to a low energy
barrier between them. Since L.16 spontaneously reorients it-
self to a transmembrane state, the depth of insertion is not
addressed for this peptide in Fig. 2.

The transmembrane orientation of peptides in our unbi-
ased simulations could represent the metastable state or the
local minima, and hence, to get insights into the energetics
of the reorientation, we performed free energy calculations
on two model peptides: a moderately hydrophobic peptide,
L12, and a highly hydrophobic peptide, L16. We used the
AWH method to calculate free energy landscapes along
two CVs to distinguish among structurally distinct peptide
configurations that could overlap when described solely by
one collective variable. These CVs were 1) the COM distance
between the peptide and the membrane (CV1) and 2) the tilt
angle of the peptide relative to the z-axis (CV2). Fig. S9
shows the 2D free energy map, where the abscissa represents
CV1, and the ordinate represents CV2.

Fig. 4 shows the free energy profiles of translocation as a
function of the distance between the peptide and the mem-
brane COM. These profiles were derived from Boltzmann
averaged data across CV1. There are three states: 1) the pep-
tide adsorbed on the lower leaflet, 2) the peptide in a trans-
membrane orientation, and 3) the peptide adsorbed on the
upper leaflet.

All 2D free energy profiles for peptides L.12 and L16 on
POPC, DOPC, and PAPC membranes are shown in Fig. S9.
The profiles indicate that the free energy barrier for reorien-
tation was lower for hydrophobic peptide L.16, and this ef-
fect was more pronounced in PAPC. Here, we defined
AAG as the difference in free energy between the adsorbed
state and the transmembrane state. This metric reflects the
relative probability of a peptide being in the adsorbed state
compared with the transmembrane state. The free energy
differences obtained using the AWH method are summa-
rized in Table 2.
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Our analysis demonstrates that for the amphipathic peptide
L12 in the monounsaturated POPC membrane, AAG is
52.7 = 1.3 kJ/mol, indicating a pronounced preference for
the adsorbed state over the transmembrane state. The hydro-
phobic peptide L16 exhibits a markedly lower AAG of
19.8 += 0.6 kJ/mol in the same membrane. Note that in the
polyunsaturated PAPC membrane, the free energy barrier
for reorientation of L16 was decreased, with AAG to only
4.2 = 0.2 kJ/mol. This result is in accordance with the find-
ings of unbiased simulations, in which the L16 peptide was
found to spontaneously reorient from the peripheral state to
the transmembrane state in the PAPC membrane (even
when only a single peptide copy was present on the mem-
brane). This reorientation occurred due to a very low free en-
ergy barrier for the process and could be driven by mere
thermal fluctuations at physiological conditions (Fig. S15).
To validate the free energies obtained from the enhanced
sampling AWH method, we also computed free energy pro-
files from unbiased simulations using Boltzmann inversion of
the density distribution, as shown in Fig. S16. Both methods
yielded similar free energy barriers, demonstrating consis-
tency between the AWH and unbiased approaches.

In addition to the understanding of the energetics of pep-
tides and their dynamic behavior in varying lipid environ-
ments, we evaluated the peptide curvature preference in
relation to their hydrophobicity and the lipid composition
of the membrane. The probability distribution of the
sampled curvatures was reweighted with accessible mem-
brane curvatures to capture the curvature preferences of
the studied peptides (see Fig. S10). The convergence of
the results was validated by observing a consistent curvature
distribution between the two peptides on the upper and
lower leaflets of the buckled bilayer. See the Supplementary
Methods section for more details and the Supporting Mate-
rial for all the obtained curvature distributions (Figs. S6, S7,
and S8). The effect of peptides on membrane curvature was
negligible under the concentrations used in this study
(Table S1; Fig. S17).

Due to their distinct physicochemical properties, we
focused on three peptides, L10, L12, and L15 (Fig. 5).
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FIGURE 3 The snapshots from an unbiased coarse-grained simulation showing spontaneous reorientation of the peptide in the membrane. (A) Peptide in
adsorbed state, (B) in inserted state, and lastly, (C) peptide in transmembrane state. The orange beads represent the lipid headgroups. The white and green
beads represent the peptide beads of leucines and serines, respectively. The acyl chains are not shown for clarity.

Peptide L10 is hydrophilic and serine-rich, L15 is distinctly
hydrophobic, and L12, with its amphipathic nature, medi-
ates between them in hydrophilicity. Fig. 5 depicts the re-
weighted sampled curvatures on the POPC, DOPC, and
PAPC membranes for these peptides. The reweighting was
done due to known imbalance in area of positive and nega-
tive curvature at membrane surface (41). The curvature pref-
erences of the peptides were found to correlate with their
depth of insertion into the planar membrane, regardless of
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FIGURE 4 The free energy profiles for the peptide reorientation in the
membranes POPC, DOPC, and PAPC. The peptide L12 shows consistently
higher energetic barrier than L16 to reorient itself into the transmembrane
state as expected. Note that L16 has a local minima in the transmembrane
state. This 1D profile was obtained with collective variable defined as the
distance of the center of mass of the peptide to the center of mass of the
membrane. (A) The free energy profile for L12 peptide and (B) for L16
peptide. The shaded region indicates the standard error of the mean.

the lipid type (Fig. 6). The L10 peptide, which is highly hy-
drophilic, interacted predominantly with the headgroups of
the membrane and preferentially localized to regions of pos-
itive curvature. As the peptides penetrated deeper into the
membrane, they exhibited tendency to sample regions of
negative curvature.

In the case of the L15 peptide, its higher hydrophobicity
enabled a deeper insertion into the membrane compared
with the L10 and L12 peptides, resulting in the sampling
of negative curvatures across all membrane types (POPC,
DOPC, and PAPC). In contrast, the L12 peptide, with a
more balanced amphipathic nature, exhibited different cur-
vature preferences that were dependent upon the membrane
composition. Specifically, the L12 peptide localized to pos-
itive curvatures on POPC, whereas it localized to negative
curvatures on PAPC and exhibited no clear curvature prefer-
ence on DOPC membrane (Fig. 5). Consequently, we hy-
pothesize that peptides with properties similar to the L12
peptide would be capable of sensing membrane unsaturation
and partition themselves into membrane regions with
different curvature depending on lipid composition.

DISCUSSION

This work investigated the influence of lipid unsaturation on
the peptide-membrane interactions with a particular focus
on membrane curvature.

First, we verified that membranes with an increasing de-
gree of unsaturation exhibit increased membrane fluidity,
larger average areas per lipid, decreased order of lipid tails,
and more pronounced lipid-packing defects. These struc-
tural alterations of membrane enhance its fluidity and
permeability, significantly impacting interactions with sur-
rounding molecules and proteins (40).

Next, we examined how peptides respond to changes in
membrane properties. Both mean hydrophobicity of the

TABLE 2 The free energy difference (AAG) in kd/mol between
the adsorbed and transmembrane state of the peptides in the
POPC, DOPC, and PAPC membranes

Membrane L12 L16

POPC 527 =13 19.8 = 0.6
DOPC 47.0 = 2.3 12.0 = 0.1
PAPC 233 = 0.1 42 + 0.2
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FIGURE 5 The curvature preference of the peptides L10, L12, and L15
on the POPC, DOPC, and PAPC membranes. The curvature preference of
(A) L10, (B) L12, and (C) L15 peptides. The numbers associated with
each violin plot represent the average mean curvature sensed by the peptide,
which decreased with increasing membrane unsaturation and peptide hy-
drophobicity.

peptides and increased unsaturation of lipid membranes led
to deeper insertion of the peptides. The deeper peptide inser-
tion in unsaturated membranes appears to be influenced by
the lower order parameters of the acyl chains (Fig. S4) and a
reduction in the bilayer midplane pressure associated with
unsaturation (42), as evidenced by the lateral pressure pro-
files presented in Fig. S13. However, note that the observed
deeper peptide insertion for more unsaturated membranes
could be specific to our simplified peptides (using only
leucine and serine residues), and more complex peptides
could have the opposite behavior (43).

For the model peptides employed, composed of leucine
and serine residues only, we observed a linear relationship
between their mean hydrophobicity and insertion depth.
The strong correlation is likely a result of simplicity of
the model peptides, and for chemically diverse peptides,
the relationship may become nonlinear as previously re-
ported (22).

Having established the relation between deeper peptide
insertion and increasing unsaturation, we investigated how
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FIGURE 6 The correlation plot shows the relationship between the
sensed mean curvature on buckled membranes by the tested peptides and
their insertion depth on flat membranes, which in turn correlates with their
insertion on buckled membranes (Fig. S14). The error bars represent the
standard deviation computed from the mean curvatures of the upper and
lower leaflets. Each point represents the mean of the curvature distribution
for a specific peptide (L10-L15) across the three membrane compositions:
POPC (r = —0.90), DOPC (r = —0.87), and PAPC (r = —0.78).

the membrane-embedded helices of transmembrane pro-
teins may be affected. Very hydrophobic a-helices, e.g.,
the L.16 peptide, adopted a dynamic topological orientation,
challenging the conventional view that membrane protein
topology is static. In the biological context, proteins in the
secretory pathway can respond differently to membrane cur-
vature and lipid composition. It is, therefore, plausible that
the same peptide could sense curvature when bound periph-
erally to the plasma membrane but adopt a transmembrane
orientation in the ER (44).

We focused on single a-helical peptides and the ener-
getics of their reorientation in membranes with different
unsaturation. The results indicate that the peptide’s hydro-
phobic properties and the lipid environment significantly in-
fluence the energetic barrier for peptide reorientation. Given
that the acyl chains of lipids are inherently hydrophobic, the
L16 peptide, which exhibits the greatest hydrophobicity out
of the peptides tested here, was more readily able to adopt a
transmembrane orientation compared with the less hydro-
phobic L12 peptide. Extending these findings, we observed
that some peptides adopted a metastable transmembrane
state in unsaturated membranes. The enhanced tendency
for peptide reorientation observed in polyunsaturated mem-
branes may result from the presence of double bonds in
unsaturated lipids. These double bonds introduce local po-
larity differences, increased fluidity, and reduced midplane
pressure, thus promoting energetically favorable peptide in-
teractions. Additionally, the energy barrier for peptide reor-
ientation from a surface-adsorbed to a transmembrane state
was lower for more hydrophobic peptides, since the mem-
brane core provides a more hydrophobic environment



compared with the interface. These findings are consistent
with the observations of Kabelka and Vacha, who demon-
strated that peptides of varying lengths and hydrophobicities
translocate through membranes via similar pathways but
encounter different free-energy barriers depending on their
specific properties (45).

These variations in topology can lead to the protein hav-
ing different roles and functions. Indeed, the work by Vitrac
et al. on changing lipid environment for LacY permease pro-
tein demonstrated how depletion of phosphatidylethanol-
amine lipids in the membrane led to the flipping of
a-helical transmembrane domain to the periplasm (13). A
similar dynamic reorientation of the N-terminus of the
EmrE protein, belonging to the small multidrug-resistant
protein family, has been observed to occur from a peripheral
to a transmembrane state, depending on its dimerization
state and sequence (23).

We tested peripheral peptides with varying hydrophobic-
ity that could sense the unsaturation of the lipids on curved
bilayers. The prevailing literature primarily associates cur-
vature sensing with lipid-packing defects and the detection
of positive curvatures. However, a broader mechanism for
curvature sensing can be linked to the detection of internal
stresses within membranes, as described by Campelo and
Kozlov (20). In regions of negatively curved membrane re-
gions, the lipid tail-order decreases (46). This may facilitate
the accommodation of deeply inserting peptides, and conse-
quently, deeply inserting peptides might preferentially
localize to areas of negative curvature. Indeed, it has been
demonstrated recently that amphipathic peptides are
capable of sensing both positive and negative membrane
curvatures (22).

In the case of the L15 peptide, its higher hydrophobic-
ity enabled a deeper insertion into the membrane
compared with the L10 and L12 peptides, resulting in
the sampling of negative curvatures across all membrane
types (POPC, DOPC, and PAPC). In contrast, the L12
peptide, with a more balanced amphipathic nature, ex-
hibited different curvature preferences that were depen-
dent upon the membrane composition. Specifically, the
L12 peptide localized to positive curvatures on POPC,
whereas it localized to negative curvatures on PAPC and
exhibited no clear curvature preference on DOPC mem-
brane (Fig. 5). Consequently, we hypothesize that peptides
with properties similar to the L12 peptide would be
capable of sensing membrane unsaturation and partition-
ing themselves into membrane regions with different cur-
vatures depending on lipid composition. In our case, the
L12 peptide showed the most interesting sensing behavior.
It changed its curvature preference across POPC, DOPC,
and PAPC bilayers. Therefore, we could characterize pep-
tides with properties similar to L12 as sensors of unsatu-
ration. Our work hints that the protein localization could
change as a response to the alteration of the surrounding
lipid environment or as a consequence of a single-point

Helical sensors of lipid saturation

mutation, altogether hindering the protein’s biological
function (9).

CONCLUSION

We investigated the intricate relationship between peptide
hydrophobicity, membrane unsaturation, and curvature ef-
fects using Martini 2 coarse-grained simulations. The results
show that highly hydrophobic peptides, such as the L16 pep-
tide, insert deeper into lipid membranes and can reorient
themselves in the metastable transmembrane state in unsat-
urated membranes. These observations emphasize the
enhanced interactions facilitated by greater degree of unsa-
turation, which promotes both deeper insertion and trans-
membrane orientation.

Building on these insights into peptide insertion and
orientation, our study further demonstrates how membrane
unsaturation affects peptide preference for curved mem-
branes. More hydrophilic peptides preferentially sense and
localize to positive curvatures, whereas very hydrophobic
peptides are inclined toward negative curvatures. The pep-
tides with a particular level of amphipathicity, such as L12
peptide, displayed curvature sensing dependent on mem-
brane unsaturation, preferring positive curvature on satu-
rated membranes and negative curvature on unsaturated
membranes. This suggests that peptide hydrophobicity not
only influences insertion depth and orientation but also con-
trols the ability to sense membrane curvature and unsatura-
tion. However, further investigations are required to
ascertain whether our findings persist in bilayer models
that display the interleaflet asymmetry characteristic of the
plasma membrane and in complex lipid mixtures with vary-
ing degrees of unsaturation.

Together, these findings provide valuable insights into
peptide-membrane interactions and may inform the design
of membrane-active peptides for therapeutic and biotechno-
logical applications. Future research could extend these
findings to more complex transmembrane proteins and their
lipid composition dependent behavior.
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