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the protein-lipid bilayer interface
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The majority of drugs target membrane proteins, and many of these proteins contain ligand binding
sites embedded within the lipid bilayer. However, targeting these therapeutically relevant sites is
hindered by limited characterization of both the sites and the molecules that bind to them. Here, we
introduce the Lipid-Interacting LigAnd Complexes Database (LILAC-DB), a curated dataset of 413
structures of ligands bound at the protein-bilayer interface. Analysis of these structures reveals that
ligands binding to lipid-exposed sites exhibit distinct chemical properties, such as higher calculated
partition coefficient (clogP), molecular weight, and a greater number of halogen atoms, compared to
ligands that bind to soluble proteins. Additionally, we demonstrate that the atomic properties of these
ligands vary significantly dependingon their depthwithin and exposure to the lipid bilayer.Wealso find
that ligand binding sites exposed to the bilayer have distinct amino acid compositions compared to
other protein regions, which may aid in the identification of lipid-exposed binding sites. This analysis
provides valuable guidelines for researchers pursuing structure-based drug discovery targeting
underexploited ligand binding sites at the protein-lipid bilayer interface.

Targeting membrane proteins at sites embedded in the lipid bilayer is an
underexplored approach with significant potential for discovering novel
ligands and targeting binding sites that are typically considered
“undruggable”1. Themajority of small-molecule drug targets aremembrane
proteins, such as G protein-coupled receptors (GPCRs), ion channels,
membrane-bound enzymes, and antibiotic protein targets2. Drug discovery
efforts often focus on targeting protein domains exposed to the aqueous
environment, leading to the development of small-molecule modulators
that bind to water-solvated pockets. However, many membrane proteins
have functional ligand binding sites embedded in the plasma membrane at
the protein-lipid interface3–5. Traditional drug discovery efforts have tar-
geted cytosolic or extracellular orthosteric sites, the primary binding pockets
for endogenous ligands6. However, the high sequence and structural con-
servation of orthosteric sites within protein families often hinder ligand
specificity for a single subtype7. By targeting allosteric binding sites, such as
those facing the lipid bilayer, differences in structure between receptor
subtypes can be exploited to design selective ligands4,8,9. For example, the
development of drugs targeting cannabinoid receptors is challenging due to
the high conservation of their orthosteric binding sites10. However, a
subtype-specificmodulator of cannabinoid receptor 1 (CB1) that exhibits its
preferential binding to the CB1 protein by binding at the protein-bilayer
interface was discovered11,12.

The lipid bilayer-protein interface presents a unique set of challenges
and opportunities for drug design. Phospholipids, the primary components
of the bilayer, are composed of a hydrophilic head group and two

hydrophobic tails. The charged or zwitterionic head groups are exposed to
the aqueous environment on either side of the membrane, and the hydro-
phobic tails form the core of the bilayer. The arrangement of these lipids
creates an interfacial region with varying polarity, charge, and mass density
dependingon thedepthwithin the bilayer13–15. This heterogeneity influences
the orientation of ligands relative to the membrane16–19. For example,
molecules in the bilayer may orient more polar or charged groups towards
the lipid head groups or glycerol backbones, and more nonpolar groups
towards the acyl tails, to maximize favorable interactions with the mem-
brane environment. Additionally, the low dielectric constant of the lipid
bilayer impacts electrostatic interactions, hydrogen bonding, and ionic
interactions between drug molecules and their target proteins. These dis-
tinct environmental features can be exploited to guide the design of drugs
which selectively bind to the protein-bilayer interface3.

The differences between the physicochemical features of the mem-
brane versus aqueous environments also influence large structural differ-
ences between membrane-embedded and soluble proteins. While soluble
proteins display diverse secondary structure features, membrane proteins
are predominantly composed of a-helices that span the lipid bilayer20.
Furthermore, membrane proteins exhibit a distinct distribution of hydro-
phobic and hydrophilic residues. Hydrophobic amino acids are typically
exposed to the membrane and hydrophilic residues are typically oriented
towards the protein interior or aqueous surfaces21. Consequently, drug
design strategies targeting the protein–lipid interface must leverage inter-
actionswithhydrophobic residues to achieve binding affinity and selectivity.
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Partitioning between the aqueous and lipidic environments and
engaging a binding site at the protein-membrane interface requires a driving
force. This driving force may arise either from physicochemical properties
intrinsic to the molecule, such as sufficient lipophilicity and low net charge,
or the assistance of the protein to which the ligand binds18,22.

Advances in structural biology have led to the availability of hundreds
of high-quality structures of ligands bound at the protein-bilayer interface.
Here, we report the results of a quantitative analysis of these ligands and
their binding modes to establish a framework for understanding ligand
interactions within the lipid-facing environment. By systematically exam-
ining these structures, we aim to provide insight into the rational design of
molecules targeting these often-overlooked binding sites.

Results and discussion
The lipid bilayer impacts thermodynamics of ligand binding
The lipid bilayer is an anisotropic solvent with varying dielectric constant,
hydrogen bond donating and accepting capacity, density, and chemical
compositionwith respect to the normal of the bilayer (Fig. 1a)13–15. The lipid
bilayer influences the thermodynamics of ligand binding through its effects
on ligand partitioning23,24 (Fig. 1b), positioning19,25–28 (Fig. 1c), and
conformation17,18,29,30 (Fig. 1d) within themembrane. These variations affect
the depth, orientation, and conformational preferences of molecules
embedded within the membrane, ultimately influencing binding kinetics
and affinities for ligands which bind at the protein-bilayer interface31.

The partitioning of small molecules into lipid bilayers impacts their
binding kinetics through multiple mechanisms. Ligand binding to a
membrane-associated pocket can be thought of as a two-step process: first
the ligand partitions into the bilayer, then it binds to its target (Fig. 1b).
Sufficiently lipophilic ligands can accumulate in the bilayer, enhancing their
apparent affinity by raising their local concentration around the target
membrane protein23,24. Additionally, while in themembrane phase, a ligand
can only diffuse laterally, and therefore ismostly limited to two translational
degrees of freedom parallel to the membrane plane32.

Furthermore, ligandsmay preferentially locate to specific depths in the
bilayer normal, facilitating binding to membrane-exposed sites at corre-
sponding depths19,25–28 (Fig. 1c). For instance, molecular dynamics (MD)
simulations of general anesthetic desflurane and its target, the G. violaceus
ligand-gated ion channel, demonstrate that the ligand reaches a depth in the
bilayer that corresponds with the depth of its binding site on the protein28.
There is also evidence that somemoleculesmayhave a preferredorientation
with respect to the lipid bilayer. Guo et al. usedMD simulations and nuclear
magnetic resonance (NMR) with magnetically aligned bicelles to demon-
strate that different cannabinoids align with preferred orientations relative
to the bilayer33.

Furthermore, some molecules may preferentially adopt specific con-
formations in the lipid bilayer; for example, burying polar groups in
themselves (Fig. 1d)17,18,29,30. This reduces the internal degrees of freedom of
the unbound ligand which may decrease the entropic cost of a ligand
binding to its target. Such molecules have been termed “molecular cha-
meleons” for their ability to shield or expose polar groups depending on
their solvent30. For instance, Valsartan, an antihypertensive drug, has been
shown to adopt different conformations based on its solvent. In the lipid
bilayer, a conformation that favors binding to the angiotensin II receptor
type 1 is stabilized, promoting its interaction with a lipid-exposed binding
site34,35. Additionally, MD simulations of BPTU binding to the P2Y pur-
inoceptor 1 at a membrane exposed binding site show that the ligand pre-
ferentially locates at depth in the bilayer near its binding site. The
simulations also show that the internal degrees of freedom of the ligand are
reduced in the lipid environment, making it more likely to interact with the
protein in its preferred binding conformation18. Furthermore, structural
studies have shown that some ligands which bind at the protein-bilayer
interface, such as cystic fibrosis drug Ivacaftor36 and antifungal drug
Posaconazole37, form intramolecular hydrogen bonds in their protein-
bound poses which shield polarity in lipid tail exposed regions. However,
more extensive work would need to be done to characterize the role of the
solvent in stabilizing the compounds’ binding poses. Despite these obser-
vations, the influence of the lipid bilayer on ligand conformation remains an
underexplored area of study, particularly with respect to how it impacts the
entropy of ligands binding to membrane exposed protein sites38.

Knowledge of the preferred depth, orientation, and conformation of a
molecule in the bilayer can aid in targeting a membrane exposed site for
structure-based drug discovery. The preferred depth of a molecule in the
bilayer can be determined experimentally with methods such as fluores-
cence quenching39, nuclear magnetic resonance (NMR), electron para-
magnetic resonance spectroscopy (EPR), wide-angle X-ray scattering
(WAXS), small-angle X-ray scattering (SAXS), or neutron diffraction26,40.
However, these experiments arenot high-throughput and the resultsmaybe
qualitative or semi-qualitative. Additionally, computational methods, such
as free energy calculations usingMD simulations17,41,42, can be a more high-
throughput approach to determining a molecule’s preferred depth or
orientation in the bilayer.However, even the throughput ofMDsimulations
can vary significantly depending on the level of accuracy required, the size of
the system, and the computational resources available.Other computational
models which leverage implicit solvents such as COSMOmic43 or those
calibrated against experimental data26, can provide faster, approximate
depth estimates suitable for larger-scale screenings. Additionally, the
Molecules on Membranes Database (MolMeDB)44 provides precalculated
preferred locations and curated experimental data for some molecules.

Fig. 1 | Thermodynamic considerations for ligand binding at the protein-lipid
interface. aDielectric and nonpolar fraction with respect to depth in a lipid bilayer.
Qualitative reproduction of data from15. b Ligand partitioning into the bilayer

localizing near its target. c Ligand oriented at a preferred depth and orientation in the
bilayer. d Ligand preferentially adopting a specific conformation in the lipid
environment.
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Methods such as NMR45,46 or MD simulations17,41 can be applied to
characterize the conformational preference in both water and lipidic med-
ium formolecules that are being developed to bind to lipid-exposed binding
sites. However, there are relatively few high-throughput and validated
models available to determine how a molecule’s preferred conformation
varies depending on its depth within the bilayer, highlighting the need for
further research in this area.

Lipid-Interacting LigAnd Complexes Database (LILAC-DB): a
diverse dataset of ligands bound to the protein bilayer interface
To gain insights into the structural features of ligands that bind to the
protein-lipid interface, we curated a comprehensive dataset, the Lipid-
Interacting LigAnd Complexes Database (LILAC-DB), containing 412
high-quality protein complexes with druglike molecules bound at the
protein–lipid interface. LILAC-DB contains 231 unique small molecules
interacting with 175 proteins, providing a diverse representation of
ligand–protein–lipid interactions. 11% of ligands in the dataset are FDA
approved drugs and 9% of the ligands are in clinical trials47. For each ligand,
we annotated individual atoms as being either exposed to the lipid bilayer or
buried in the protein. The proteins in the dataset comprise a variety of
functional classes (Fig. 2a), including transient receptor potential (TRP)
channels (Fig. 2b), cytochrome complexes (Fig. 2c), and GPCRs (Fig. 2d).
The majority of proteins represented in this dataset are from animals/
eukaryotes, but bacterial andplant proteins are also present (Supplementary
Table 1). Moreover, these proteins reside in diverse cellular compartments,
such as the plasma membrane, mitochondria, endoplasmic reticulum,
nuclear envelope, and other membranes (Supplementary Table 2).

While there are other curated protein-ligand datasets48,49 they lack
annotations regarding the location of the binding site relative to the
membrane. To our knowledge, LILAC-DB is the largest curated dataset of
structures of ligands bound at the protein-bilayer interface, and its structural
diversity offers a valuable opportunity to analyze features of ligand binding
at the protein–lipid interface. The dataset is available on the Zenodo open-
access repository at https://zenodo.org/records/14835079, and a summary
of the dataset can be found in Supplementary Data File 1.

Chemical properties of ligands at the protein–lipid vs.
protein–water interfaces
To compare the properties of molecules binding at the protein–lipid
interface to those of druglike molecules which bind to water-solvated sites,
we analyzed LILAC-DB against a random selection of 10,000 bioactive
druglike molecules from the ChEMBL database50 (Table 1).

Membrane-associated ligands have similar numbers of hydrogen bond
donors and acceptors compared to ChEMBL ligands (Table 1). This finding
is in agreement with computational studies that have shown that these
molecules can engage inhydrogenbondswith lipid headgroups, a capability
that can facilitate their diffusion through lipid bilayers toward binding sites
buried in the membrane51.

Ligands from LILAC-DB have significantly higher molecular masses
and calculated partition coefficients (clog P) compared to other druglike
molecules. Larger molecules may exhibit more conformational flexibility,
allowing them to shield polar groups when they are in the lipid bilayer and
expose themwhen they are in an aqueous environment30,52. A higher clog P
also suggests that ligands aremore hydrophobic and have a stronger affinity
for the nonpolar environment of the lipid bilayer, which enables them to
partition into the bilayer and reach their binding sites.

Membrane-associated ligands also demonstrate a different elemental
composition compared to other druglike molecules, with a greater number
of carbons, oxygens, and halogens, and fewer nitrogens. The increased
presence of carbons is reflective of the ligands’ lipophilicity and ability to
engage lipid tail groups. Halogens can participate in both hydrophobic and
hydrophilic interactions, enhancing the ligand’s solubility and membrane
permeability53, while also contributing to binding affinity through halogen
bonding and van der Waals interactions with either the protein or lipids54.
Among strictly polar groups, the relative abundance of oxygens over

nitrogens could be associated with the reduced propensity to protonate of
the former55. This would still afford the molecule the polar interactions
necessary to guaranteewater solubility butwithout the liability of producing
positively charged species.

In line with this observation, there were fewer ligand atoms with
positive formal charge in LILAC-DB than among the ChEMBL ligands,
while rates of negative formal charge were similar. Negative formal charges
(i.e. acidic groups) have been foundmore frequently in the polar lipid head
regions where they can interact with positively charged head groups (Sup-
plementary Fig. 1) and form neutral species. When negatively charged
ligand atoms were found in the lipid tail region, they were often buried or
otherwise stabilized by interaction with the protein (see Case Study 1).

When present, atoms bearing positive formal charge at physiological
pH were most frequently found in the lipid tail group region of the bilayer,
often exposed to the lipid tail groups (Supplementary Fig. 1).Computational
studies have suggested that basic groups in the lipid bilayer are not typically
stabilized by deprotonation55. Other groups have proposed that ligandswith
basic amines may interact favorably with negative charges in lipid head
groups3, however, we find relatively few examples of these interactions.

These results have implications for the design of drugs that target
membrane proteins. By understanding the physicochemical properties of
membrane-associated ligands, researchers can identify molecules that are
more likely to effectively interact with the protein–lipid interface. For
example, incorporating hydrophobic groups and halogen atoms into drug
candidates can enhance their affinity for the bilayer and improve their ability
to reach their target proteins. Additionally, optimizing the formal charge of
drugmolecules can helpminimize electrostatic repulsion and improve their
partitioning into the membrane.

Chemical properties of membrane-bound ligands exposed to
lipid head groups, lipid tail groups, and buried in protein
We next wanted to explore how ligand properties within the set of
membrane-associated ligands vary depending on solvation, so we char-
acterized ligand atoms by their depth in the lipid bilayer and as either
exposed to the lipid medium or buried in the protein.

First, lipophilicity was estimated by calculating the ligand cLog P
coefficients using the Crippen method, decomposing the contribution of
individual atoms. The Crippen cLog P method56 estimates the
octanol–water partition coefficient (log P) of a molecule by summing the
contribution assigned to each of its individual atoms. Atoms with a higher
Crippen contribution are more lipophilic and atoms with a lower Crippen
contribution are more hydrophilic. While atomic contributions were
parameterized to recapitulate a molecular property, they retain some value
in describing the local atomic environment and properties57,58. Here, we
analyzed the average atomic Crippen contribution of buried and exposed
ligand atoms in LILAC-DB (Fig. 3a, b). Ligand atoms were classified as
buriedor exposed on the criteria described in the “Dataset curation” section.

Our data shows that exposed ligand atoms vary in lipophilicity along
themembrane normal, withmore lipophilic atoms (i.e. atomswith a higher
Crippen contribution) being exposed to lipid tail groups than to lipid head
groups (Fig. 3a). Ligand atoms exposed to lipid tail groups are more lipo-
philic than ligand atoms buried in the protein in the tail group region
(Fig. 3b). This suggests hydrophilic atoms are eitherminimized in the ligand
structure in this region, or else buried against the protein. In contrast,
exposed ligand atoms in the head group region are more hydrophilic than
ligand atoms buried in the protein, suggesting that it is favorable for ligands
to expose hydrophilic groups to the polar head groups.

Buried ligand atoms, on the other hand, show no clear correlation
between lipophilicity anddepth in the bilayer (Fig. 3a). Thisfinding suggests
that the environment of ligand atoms buried in the protein is defined largely
by the polarity and charge of the protein, rather than depth in the bilayer.

Similarly, to analyze electrostatic interactions between ligand atoms
and their solvents we calculated atomic partial charges using the espaloma
method59, which is a neural network-based method for approximating
partial charge. We then analyzed the variations of absolute partial charge
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magnitude relative to the ligand depth in the lipid bilayer (Fig. 3c, d). Atoms
exposed to lipid head groups have a highermagnitude of partial charge than
those exposed to lipid tails (Fig. 3c, d). This suggests that ligand atomsmake
favorable electrostatic interactions with polar and charged lipid head group
atoms and that the higher dielectric environment of the lipid head groups
has a greater capacity to stabilize ligand atoms with larger partial charges.

Conversely, atoms exposed to the lipid tail group region show a lower
partial charge magnitude than those buried in transmembrane regions of
the protein (Fig. 3c, d). In the lipid head group region, differences between
buried and exposed atoms are within standard error, suggesting that the
head group and nearby protein cavities have comparable capacity to sta-
bilize charge.

Fig. 2 | Dataset of ligands bound at the protein-lipid interface. a Pie chart
describing the functional classes of proteins represented in the dataset. bMembrane
associated ligands (blue) bound toGPCRs (representative protein structure PDB ID:
4PHU88). cMembrane associated ligands (purple) bound to cytochrome complexes

(representative protein structure PDB ID: 6XVF89). dMembrane associated ligands
(pink) bound to transient receptor potential (TRP) channels (representative protein
structure PDB ID: 5IRX90).
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These findings underscore the importance of considering both
hydrophobicity and electrostatics in understanding ligand–protein–lipid
interactions and provide valuable insights to guide the design of ligands
binding to different regions of the lipid bilayer.

Distinguishing features of ligand binding sites at the protein-
bilayer interface
In order to understand how the features of ligand binding sites change
within different solvent contexts, we examined the composition of amino
acids present in ligand binding sites (Fig. 4, striped bars) and residues not
involved in ligand binding (Fig. 4, solid bars) in the tail group region, head
group region, and in soluble proteins (see the “Methods” subsection
“Binding site analysis”). Residues were further classified as buried (Fig. 4,
left), or solvent-exposed (Fig. 4, right).

Different protein regions show distinct amino acid compositions
depending on their solvent environment, consistent with the hydrophobic
nature of the lipid bilayer. Exposed residues in the lipid tail group region
tend to bemore hydrophobic than exposed residues in the lipid head group
region, or in soluble proteins. On the other hand, buried residues within
soluble proteins tend to be enriched in hydrophobic residues, reflecting the
hydrophobic effect that drives protein folding60.

Ligand binding sites have different amino acid compositions than
other protein regions. Regardless of solvent, both in buried and solvent-
exposed areas, ligand binding sites are enriched in aromatic residues.
Aromatic residues are able to form favorable pi-stacking interactions and
van der Waals contacts with ligands. This trend has been recognized by
other research groups examining the amino acid composition of ligand
binding sites and has been suggested as a potential method for identifying
druggable pockets61,62.

To bind to a protein, a ligand must effectively compete with solvent
molecules occupying the binding site63. Stable interactions between protein
and solvent make it less energetically favorable for a ligand to displace
solvent molecules and bind to a protein. In water-solvated binding sites,
polar residues interact favorably with water molecules. The amphipathic
lipid bilayer favors exposure of hydrophilic residues at the lipid head regions
and hydrophobic residues at the lipid tails. Consequently, exposing
hydrophobic residues to the aqueous environment or lipid head groups, or
polar residues to the lipid tails, destabilizes theprotein’s interactionswith the
solvent. This instability reduces the energetic barrier for solvent displace-
ment, facilitating ligand binding.

Our analysis supports this idea. In the lipid tail group region, ligand
binding sites contain fewer hydrophobic residues than other protein regions
not interacting with a ligand (Fig. 4, top). In fact, exposed residues in the
lipid tail group region thatmakeup ligand binding sites are slightly enriched
in polar and negatively charged residues, suggesting that ligands may
leverage interactions with relatively rare exposed polar or charged residues
to facilitate binding.

In the lipid head group region, this trend is inverted, and there are
slightlymore hydrophobic residues and fewer charged and polar residues in
ligand binding sites (Fig. 4, center). Since lipid head groups interact favor-
ably with charged and polar residues and unfavorably with hydrophobic
residues, ligands can help stabilize their interaction with the protein by
shielding hydrophobic residues from the polar/charged lipid head groups.

These distinct amino acid profiles observed in the tail group region,
head group region, and in soluble proteins underline the importance of
solvent context in shaping protein-ligand interactions and can aid in the
identification of potential druggable pockets.

Case study 1: Ligand binding to the calcium-sensing receptor at
the protein-bilayer interface
The calcium-sensing receptor (CaSR), a homodimeric Class C GPCR, has
been characterized as complexwith a variety of ligands at the protein bilayer
interface. CaSR is positively modulated by high levels of extracellular cal-
cium, or by other ligands, and its activation initiates a signaling cascade that
leads to increased intracellular calcium and the excretion of parathyroid
hormone64,65. Positive allosteric modulators (cinacalcet, evocalcet, tecalcet)
have been developed as CaSR targeting therapeutics to treat hyperpar-
athyroidism, and negative allostericmodulators are in phase II clinical trials
to treat autosomal dominant hypocalcemia type 165.

CaSR–ligand complexes have been determined for both calcimimetics
and negative allosteric modulators including cinacalcet, evocalcet, tecalcet,
and NPS-2143, all of which bind at the protein-lipid interface (Fig. 5)66–68.
Cinacalcet and evocalcet adopt distinct conformations in each monomer66.
In one, the ligands adopt a bent conformation (Fig. 5a) In the other, they
adopt an extended conformation (Fig. 5b). NPS-2143 and tecalcet bind in
bent conformations to both monomers (Fig. 5c, d).

The binding modes of the four ligands (Fig. 5) share some similarities.
All four ligands possess a basic nitrogen atomwhich forms a salt bridgewith
Glu 837 and a hydrogen bond with Gln 681, although the distance/strength
of this salt bridge depends on the conformation for cinacalcet and evocalcet.
These are the only polar interactions common across these ligands (Fig. 5).
The alcohol of NPS-2143 additionally forms a hydrogen bond with Tyr 825
(Fig. 5d). The ligands also interact extensively with hydrophobic residues in
the pocket, especially Trp 818 and Phe 684 via pi-stacking. In NPS-2143,
cinacalcet, and evocalcet these residues are engaged by a naphthalene, and
this acts as the anchor which is constant between the bent and extended
conformations for the latter two (Fig. 5 a, b,d). The methyl phenyl ether of
tecalcet forms similar interactions with these residues (Fig. 5c).

NPS-2143, tecalcet, and cinacalcet all expose lipophilic groups (2-
chlorobenzonitrile, chlorobenzene, and trifluorotoluene, respectively) to the
bilayer. Evocalcet, however, presents a more polar benzylcarboxylic acid. In
the extended conformation, this group is directed towards the extracellular
lipid head groups, potentially engaging in polar or electrostatic interactions
with them (Fig. 5b). In the bent conformation, the carboxylic acid is exposed

Table 1 | Properties of membrane-associated and ChEMBL ligands (mean ± standard error of the mean). Significance tested
with a Mann–Whitney U test

Property Membrane-associated ligands ChEMBL ligands p-value

Number of hydrogen bond donors 1.84 ± 0.13 2.01 ± 0.04 2.56e−01

Number of hydrogen bond acceptors 5.66 ± 0.22 5.72 ± 0.05 5.76e−01

Molecular mass (Da) 460.17 ± 10.75 436.41 ± 2.66 2.238e−05***

cLog P 4.37 ± 0.14 3.30 ± 0.03 2.934e−16***

Number of carbon atoms 24.16 ± 0.57 22.33 ± 0.12 4.801e−07***

Number of oxygen atoms 3.99 ± 0.22 3.56 ± 0.04 1.123e−02*

Number of nitrogen atoms 2.62 ± 0.13 3.54 ± 0.04 4.336e−08***

Number of halogen atoms 1.17 ± 0.10 0.74 ± 0.01 2.685e−06***

Number of atoms with positive formal charge at pH 7.4 0.31 ± 0.04 0.44 ± 0.01 2.683e−02*

Number of atoms with negative formal charge at pH 7.4 0.22 ± 0.03 0.23 ± 0.01 8.04e−01
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to the bulk lipid tail environment (Fig. 5a). Although protonation and
subsequent hydrogen bonding with the protein backbone (Trp 818) is
possible55, the presence of a group with this low pKa in the nonpolar lipid
environment is atypical (Supplementary Fig. 1).

Overall, ligands binding toCaSRagreewith the trends discussed above:
exposing uncharged/lipophilic groups to lipid tails and either burying polar/

charged groups in the bilayer or exposing them to lipid head groups.
However, the bent binding mode of evocalcet is an exception to the trend,
exposing acidic oxygen to lipid tails. The existence of multiple binding
modes also complicates any attempts to describe discrete strategies pursued
for individual ligands.

Case study 2: Specific Interactions with lipid head groups con-
tribute to drug binding to T-type calcium channel Cav3.3
In addition to being solvated by bulk lipids, somemembrane proteins form
complexes with individual stably-bound lipids. These “structural” lipids
may in turn modulate the protein structure, function, and even ligand
binding69–71. In our dataset, 13% of the structures had a resolved lipid within
interaction distance (4 Å) of the ligand, forming a protein–lipid–ligand
ternary complex. Specific interactions between the lipid and ligand, such as
hydrogen bonding or electrostatic interactions, may significantly influence
the free energy of ligand binding. Understanding these lipid-mediated
interactions may significantly impact structure-based drug discovery at
membrane-exposed sites.

An example of amembrane protein that forms a complex with a stably
bound lipid is voltage-gated calcium channel 3.3 (Cav3.3), a T-type calcium
channel72,73. A number of drugs inhibit Cav3.3 channels, including mibe-
fradil (antihypertensive) otilonium bromide (used to treat spasmodic gut
pain), andpimozide (antipsychotic). The activity ofCav3.3 is alsomodulated
by interactions with lipid molecules74. He et al. published structures of
Cav3.3 in the ligand-free, mibefradil-bound (Fig. 6a), otilonium bromide-
bound (Fig. 6b) and pimozide-bound (Fig. 6c) forms73. In all of these
structures, a phospholipid is observed in the central cavity of the channel
near the center of the bilayer and participates in stabilizing drug binding. In
the ligand-free and otilonium bromide-bound structures the lipid phos-
phate group is stabilized by a salt bridge with Lys 1379 while the lipid tail
interactswith a protein cavity linedbyhydrophobic residues.All three drugs
interact substantially with the lipid and have a tertiary or quaternary
ammoniumcapable of forming electrostatic interactionswith the negatively
charged phosphate group.

CaseStudy 3: Ligands target theMycobacterium tuberculosis
cytochrome bcc complex at a quinol-binding site
The activity of membrane proteins can be natively modulated by specific
interactions with cofactors embedded in the membrane, such as heme or
quinone71,75. For some of these proteins, an effective drug design strategy
may be to design molecules that alter interactions with those native
cofactors.

Cytochrome bcc complexes are an example of proteins that bind to a
lipid-exposed cofactor. Cytochrome bcc complexes are important for
mycobacterial survival as they establish a proton gradient essential for
adenosine triphosphate (ATP) synthesis76. As such, they are attractive
antibacterial drug targets77.M. tuberculosis cytochrome bcc is targeted by the
phase 2 drug Telacebec and preclinical molecule TB47. Both ligands bind to
the quinol oxidation site (QP site), competitively inhibiting the binding and
oxidation of quinol.

Zhou et al. published structures of the mycobacterial cytochrome bcc
complex with menaquinone, Telacebec, or TB47 occupying the QP site
(Fig. 7)78. The menaquinone molecule in the QP site makes hydrophobic

a

b

c

d

Fig. 3 | Atomic properties of ligands with respect to depth in the bilayer and
solvent exposure. a Binned average of atomic Crippen contribution of exposed and
buried ligand atoms with respect to the position in the lipid bilayer. The shaded
region represents standard error. b Violin plots of atomic Crippen contribution of
ligand atoms separated by exposure andmembrane region.Means of distribution are
displayed as dotted black lines. c Binned average of the magnitude of espaloma
partial charge of exposed and buried ligand atoms with respect to the position in the
lipid bilayer. The shaded region represents standard error. d Violin plots of mag-
nitude of espaloma partial charge of ligand atoms separated by exposure and
membrane region. Means of distribution are displayed as dotted black lines.

https://doi.org/10.1038/s42004-025-01472-8 Article

Communications Chemistry |            (2025) 8:89 6

www.nature.com/commschem


contacts with the protein with the isoprenoid tail exposed to bulk lipid
(Fig. 7a). Both Telacebec and TB47 overlap with the menaquinone binding
site, primarily exposing lipophilic trifluoromethyl groups to the bilayer
(Fig. 7b, c). Telacebec andTB47 additionally formhydrogenbondswithThr
313, Glu 314, and His 375 (not shown).

Other groups have used structure-based-drug design strategies to
identifymodulators that target the cytochromebcc cofactor binding sites79,80.
Notably,Hao et al. used apharmacophore-linked fragment virtual screening
to identify a picomolar inhibitor of the cytochrome bc1 complex which
competes for a ubiquinol binding site81. These examples demonstrate that
targetingmembrane-bound cofactor binding sites is an effective strategy for
drug discovery.

Conclusions
Lipid-exposed ligand binding sites are important for a large number of
therapeutically relevant protein targets, but the study of these sites has been
hindered by a low volume of structural data and a lack of systematic review.
Here, we curated LILAC-DB, a dataset of 413 structures of druglike mole-
cules bound at the protein-lipid interface, including 25 FDA-approved
drugs and 21molecules currently in clinical trials.While the size of the data
set is relatively small, it thoroughly covers the chemical space that has been
structurally characterized and bound to these sites to date. Our analysis
identified trends in both lipid-interfacing binding sites on proteins and in
the molecules engaging them. LILAC-DB is available for download, pro-
viding a valuable resource for further investigation of these interactions.

Fig. 4 | Comparison of amino acid composition of binding sites and other protein
regions with respect to solvent. Comparison of population residue types within
binding sites (hatch pattern) and outside binding sites (solid fill) across different
protein regions (Tail Group, Head Group, and Soluble Proteins). Residues are

classified as either buried (solvent-exposed surface area (SASA) <15% in the absence
of ligand, left) or solvent-exposed (SASA >15% in the absence of ligand, right). Error
bars were generated using bootstrap sampling (2000 iterations) to calculate standard
deviations of residue proportions.
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Molecules that bind to lipid-exposed sites tend to be larger, more
lipophilic, and containmore halogen atoms than other drug-likemolecules.
Atomic properties of these ligands vary significantly with respect to lipid
exposure and depth in the lipid bilayer. Thesefindings suggest that there are
trends that can be exploited to optimize molecular properties for lipid-
exposed binding sites, specifically the large importance of matching the
lipophilicity/partial charge of exposed atoms to their solvent environment.
Our data indicates that a more important consideration for adapting
structure-based drug design techniques to lipid-exposed sites is optimizing
the properties of exposed ligand atoms to their solvent environment, rather
than buried ones. These trends may inform the construction of specialized
chemical libraries, ideally even to the level of tuning a molecule to bind at
specific regions in the bilayer, and improved models of the solvation/des-
olvation process.

We also showed that amino acid compositions of binding sites exposed
to the lipid bilayer are distinct from soluble binding sites or buried residues,
which may be useful for the identification of druggable sites in the bilayer.
Incorporating insights into ligand positioning, orientation, and conforma-
tion within the lipid bilayer can enhance structure-based drug discovery
efforts targeting membrane-associated proteins, especially by improving
binding site and ligand conformation prediction. However, several chal-
lenges remain open.

The heterogeneous nature of lipid bilayers, with varying compositions
across different cell types and subcellular compartments, poses a challenge
in the rational design of these ligands. The proteins analyzed here span a
diverse range of subcellular membranes and source organisms.While these
proteins likely interact with membranes of varying lipid composition, our
analysis did not reveal significant correlations between specific lipid envir-
onments and ligandproperties or ligand-protein interactions (data available

upon request). Furthermore, the dataset analyzed here is limited by the
availability of high-quality models of certain protein classes. Notably, there
arenoβ-barrelmembraneproteins in thedataset.Manymembraneproteins
—especially less-studied classes—currently lack high-resolution structural
data. Additionally, there may be a bias in the chemical space for which
structures have been determined, as the difficulty in obtaining structures of
these complexes means only more promising molecules are characterized.
Nevertheless, the trends observed in ligand properties and binding site
characteristics are likely applicable to a broader range of membrane pro-
teins, due to the consistent physicochemical constraints imposed by the
bilayer.

These outstanding challenges provide opportunities to accelerate
structure-baseddrugdesign targeting theprotein–lipid interface.Compared
to traditional drug design targeting soluble proteins, there are few validated
methodologies for structure-based drug design at lipid-exposed sites.
Methods have been developed to incorporatemolecular cLogP into docking
scores82, to more accurately screen for compounds that bind to lipid-
exposed sites. However, this method was trained and validated on a small
dataset mostly composed of lipid molecules and cofactors. Datasets such as
the onepresentedherewill be helpful to benchmark the performance of new
scoring functions in predicting the binding poses and energies of druglike
molecules at the protein-bilayer interface. Furthermore, being able to
anticipate the preferred depth and orientation of a molecule in the lipid
bilayerwouldhelp guide thedrugdiscovery effort. Todate, high throughput,
validated models for predicting these properties remain limited. From
a theoretical perspective, the heterogeneous nature of the lipid
bilayer necessitates the design of new frameworks capable of capturing the
varying dielectric and electrostatic features in and near the membrane. We
hope that LILAC-DB and the analysis presented here can inform and
motivate further work on structure-based drug design against membrane-
exposed binding sites.

Methods
Dataset curation
To construct a high-quality dataset of ligands bound at the protein-bilayer
interface, we systematically curated ligand–protein-membrane complexes
from the Protein Data Bank (PDB)83. Initially, we retrieved all PDB struc-
tures containing at least one ligand and annotated them as membrane
proteins. To focus on druglike molecules, ligands classified as cofactors or
matching SMARTS patterns for polyethylene glycol, a nucleobase, por-
phyrin ring, or lipid were excluded.

To accurately position the proteinwithin themembrane environment,
we obtained membrane-oriented structures from the orientations of pro-
teins inmembranes (OPM)84 database. For structures lacking OPM entries,
the positioning of proteins in membranes (PPM)84 source code was used to
generate membrane orientations. PPM is a well-validated method of
determining the orientation of a membrane protein in the lipid bilayer by
minimizing its predicted free energy of transfer into a hydrophobic slab, and
OPM is a database of membrane protein structures that have been pre-
oriented with PPM. Subsequently, we determined ligand proximity to the
bilayer by assessing if any ligand atom was within the Z-bounds defined by
OPM or PPM for the membrane.

For ligands positioned within the membrane Z-bounds, we used
MSMS85, an efficient program for protein surface calculation to generate a
3D triangular mesh surface encompassing the protein excluding all ligands.
A probe radius of 2.7 Å was chosen based on tests with a small dataset of
structures containing ligands at theprotein–lipid interface, as it provided the
most accurate results.

A ligand atom was considered exposed to the bilayer if its X/Y
coordinates fell outside the polygon created by intersecting the
protein surface with the X/Y plane at the ligand atom’s Z-coordinate
(Supplementary Fig. 2).

To ensure data quality, all identified ligand–protein-membrane com-
plexes underwent extensive manual inspection. Ligands classified as

Fig. 5 | Poses of ligands bound to CaSR. a Cinacalcet-bound (blue, PDB ID 7M3F,
chain A) and evocalcet-bound (purple, PDB ID 7M3G, chain A) CaSR with ligands
in the bent conformation. b Cinacalcet-bound (blue, PDB ID 7M3F, chain B) and
evocalcet-bound (purple, PDB ID7M3G, chain B)CaSRwith ligands in the extended
conformation. c Tecalcet-bound (green, PDB ID 7SIL, chain A) CaSR. dNPS-2143-
bound (sand, PDB ID 7M3E) CaSR. e Chemical structures of the ligands cinacalcet,
evocalcet, tecalcet, and NPS-2143.

https://doi.org/10.1038/s42004-025-01472-8 Article

Communications Chemistry |            (2025) 8:89 8

www.nature.com/commschem


cofactors, false positives from the computational filtering, or those exhi-
biting poor electron density were excluded. This curation process yielded a
high-quality dataset of druglike molecules bound at the protein-bilayer
interface, suitable for subsequent analysis.

To avoid analyzing redundant systems, the dataset was further filtered
to create LILAC-DB (Non-Redundant), a version containing only one copy
of each ligand in a given pose bound to a protein. In cases where there were
multiple structures of the same protein–ligand pair, the highest resolution
structure was kept. If a structure had multiple copies of the same ligand
bound, the ligand poses were clustered with a 2 Å cutoff, and only the first
ligand in each cluster was retained. This step ensured that distinct binding
poses were preserved, while only one copy of redundant poses (e.g., mul-
timeric proteinswith ligands bound in the samepose to eachmonomer)was
analyzed. All analyses presented in this paperwere conducted using LILAC-
DB (Non-Redundant). Both LILAC-DB (Refined), which includes all
curated entries, and LILAC-DB (Non-Redundant) are available for
download.

Analysis of ligand atoms
To analyze the atomic properties of ligands exposed to different regions
of the lipid bilayer, all ligands were protonated at pH 7.4 using
molscrub86, a rules-based method for assigning protonation states. The
percent distance from the hydrocarbon core was calculated for ligand
atoms located within the tail group region, as defined by OPM’s
hydrocarbon thickness. This calculation was performed by dividing the
ligand’s Z-coordinate in the OPM-aligned structure by half the hydro-
phobic thickness defined by OPM andmultiplying by 100. This approach
accounts for variations in hydrophobic thickness among different pro-
teins. The head group regions were defined as a 6 Å-wide region
extending outward from the hydrophobic region of the lipid bilayer, as
determined by OPM, in both the positive and negative Z-directions.
While the head group region may extend beyond 6 Å, we truncated our
analysis at this cutoff because very few atoms in the dataset were located
beyond this distance, ensuring statistically significant analysis. To analyze
the atomic properties of ligands within these different regions, we divided

Fig. 6 | Drug and lipid binding to T-type calcium
channel Cav3.3. a Cav3.3 (white) and lipid (black)
(PDB ID: 7WLI). bMibefradil (orange) bound to
Cav3.3 (white) and lipid (black) (PDB ID: 7WLJ).
c Otilonium bromide (pink) bound to Cav3.3
(white) and lipid (black) (PDB ID: 7WLK).
d Pimozide (green) bound to Cav3.3 (white) and
lipid (black) (PDB ID: 7WLL).
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the lipid tail region into 10 bins and the inner and outer head group
regions into five bins each. We then averaged the atomic properties
within each bin to plot how atomic properties change with respect to
position in the bilayer (Supplementary Data 2).

Binding site analysis
We analyzed amino acid compositions within ligand binding sites at the
protein-lipid bilayer interface and of soluble binding sites (Supplementary
Data 3, 4).Residuesweredefinedaspart of abinding site if anyof their atoms
were within 4 Å of any ligand atom. Given that amino acid composition
varies with solvent exposure, residues were categorized as buried (percent
exposed surface area <15%) or solvent-exposed (percent exposed surface
area >15%). Additionally, residues were classified based on their location
within the lipid bilayer head or tail groups; residues within the hydrophobic
thickness defined by OPM were classified as in the lipid tail group region,
and residueswithin 6 Å in theZdirection of the tail groupswere classified as
in the lipid head group region. To avoid the overrepresentation of proteins
with multiple structures, residues outside the binding site were considered
only once for each unique UniProt ID in the dataset. To analyze soluble
binding sites, 294 structures were randomly selected from the 2020
PDBbind48 refined set. The amino acid categories were defined as follows:
hydrophobic (alanine, valine, isoleucine, leucine, methionine), aromatic
(phenylalanine, tyrosine, tryptophan), polar (serine, threonine, asparagine,
glutamine, cysteine), positively charged (lysine, arginine, histidine), nega-
tively charged (aspartic acid, glutamic acid), and other (proline, glycine).

Case studies
All interactions between the protein and ligands were analyzed through
visual inspection in ChimeraX87.

Data availability
The summary of system properties in the database is available as Supple-
mentary Data File 1. The data used to generate Fig. 3 is in Supplementary
Data Files 2 and 3 and the data used to generate Fig. 4 is available in
Supplementary Data File 4. The full LILAC-DB dataset, including all
structures, is available on the Zenodo open-access repository at https://
zenodo.org/records/14835079.
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