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Abstract Membrane proteins and membrane lipids are essential partners in various biological processes,
and elucidating their structures in a natural membrane environment is crucial for enhancing our un-
derstanding of their intricate interactions. However, resolving high-resolution structures of lipids
and membrane proteins under physiological conditions presents considerable challenges due to
limitations in experimental techniques and instrumentation, leaving these interactions inadequately
understood and necessitating further investigation. In this review, we summarize current sample
preparation methods and tools for studying lipid-membrane protein interactions using cryo-electron
microscopy (cryo-EM), including nanodiscs, styrene-maleic acid copolymers, liposomes, and in situ
analyses. We also highlight several up-to-date examples of high-resolution lipid-membrane protein
complexes that reveal how lipids influence the functionality of membrane proteins, featuring the inno-
vative methodologies employed. Additionally, we provide a concise overview of the steps involved in
cryo-EM analysis of membrane proteins and summarize recent advancements in deep learning tech-
niques for model construction. We discuss how the intersection of artificial intelligence and structural
biology offers a fertile ground for breaking through current technological barriers, promising to unrav-
el the complexities of molecular dynamics and providing a holistic view of biomolecular interactions.

Keywords Membrane protein, Protein-lipid interaction, Cryo-EM, Cryo-ET, In situ

INTRODUCTION

Biological membranes are very sophisticated. As the
two most important components of the cell membrane,
lipids and proteins are closely related. LIPID MAPS
(LIPID Metabolites and Pathways Strategy) Consor-
tium developed a comprehensive classification system
for lipids based on their chemical composition: fatty
acyls, glycerolipids, glycerophospholipids, sphingo-
lipids, saccharolipids, polyketides, sterol lipids and
prenol lipids (Fahy et al. 2005). In addition to this clas-
sification scheme, lipids can also be divided into three
main subcategories based on their interactions with
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membrane proteins transmembrane domains (TMDs)-
bulk lipids, annular lipids, and nonannular lipids. Bulk
lipids do not directly interact with membrane protein
but they could impact membrane protein geometry
(Polley et al. 2017). Hence they are involved in various
signaling pathways including JAK/STAT (Blouin et al.
2016) and Wnt/p-Catenin (Ozhan et al. 2013; Sezgin et
al. 2017) and have an impact on protein transport
(Brown and Rose 1992; Lajoie and Nabi 2010) and dy-
namics (Lin et al. 2017; Tisza et al. 2016). Both annular
lipids and nonannular lipids directly interact with
membrane proteins. Annular lipids, known as “bound-
ary lipids”, form a ring around the TMDs of proteins in a
non-specific way (Jost et al. 1973). On the contrary,
nonannular lipids specifically interact with proteins
and regulate protein conformations (Anderluh et al
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2017; Marsh 2007; Westerlund et al. 2020; Yen et al.
2018) and functions (Chavent et al. 2018; Coskun et al.
2011). Overall, lipid-protein interactions are engaged
in numerous biological processes, for example, the fold-
ing of membrane proteins (Dowhan et al. 2019), main-
tenance of the optimal activity of integral proteins
(Mileykovskaya and Dowhan, 2014) and membrane
bending (Pang et al. 2023).

Besides, lipids themselves can act as a substrate for
protein during transport (de Saint-Jean et al. 2011; Iko-
nen and Zhou 2021) or the first and second messen-
gers in signal transduction and molecular recognition
processes (Meyer zu Heringdorf and Jakobs 2007), for
instance, sensory transduction (Hilgemann et al. 2001;
Suh and Hille 2005) including heat, pain (Chuang et al.
2001), bitter and sweet (Liu and Liman 2003), cell sur-
vival pathway (Brunet et al. 2001) and T lymphocyte
signaling (Ueda et al. 1995). Moreover, lipid metabo-
lism, which is precisely controlled, plays a crucial role
in various functions within our body, including energy
storage and hormone regulation. Lipid metabolism ab-
normalities lead to various diseases such as neurode-
generative diseases ( Cheng et al. 2011; Fabelo et al.
2014; Phillips et al. 2020; Tong et al. 2015), coronary
artery disease, hyperlipidemia (Natesan and Kim
2021), and insulin resistance (Azhar 2010). Numerous
studies indicate that changes in membrane lipid com-
position, influenced by lipid metabolism, affect the dis-
tribution of membrane proteins, leading to diseases. In
Niemann-Pick type C (NPC) disease, lipid accumulation
altered the distribution of NPC1 (a cholesterol-sensing
protein that is defective in NPC disease) (Puri et al.
1999). Also, membrane protein lipidation is regulated
by lipid metabolism and plays a role in cancer-related
pathways. For example, glucose transporter 1 (GLUT1)
S-acylation promotes glioblastoma glycolysis and tu-
morigenesis (Zhang et al. 2021). The binding of palmi-
toleoylated WNT protein to the Frizzled receptor and
low-density lipoprotein-related receptors 5/6 (LRP5/6)
contributes to cell survival (Flanagan et al. 2022; Mo et
al. 2013).

Thus, exploring the interplay of membrane lipids and
membrane proteins, as well as their interactive regula-
tory mechanisms, is of great significance. Although X-
ray crystallography and cryo-electron microscopy
(cryo-EM) single-particle analysis (SPA) are widely
used tools to gain high-resolution structural informa-
tion of membrane proteins, traditional solubilization
and purification processes separate membrane pro-
teins from relevant lipids, especially bulk lipids. Only
for lipids that are tightly bound, for example, in the case
of K,p10.1 (TRAAK, TWIK-RElated Arachidonic Acid
activated K* channel), the little amount of lipids could
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be co-purified with the target membrane protein for
mechanistic investigations. It is thus crucial to engage
appropriate approaches to enhance our understanding
of membrane proteins and their associated lipids (Dong
etal. 2015).

In cellular environments, the phospholipid composi-
tion is essential for maintaining the stability of mem-
brane proteins and plays a significant role in mediating
their activity. Conversely, membrane proteins can also
influence the distribution of phospholipids and the cur-
vature of the membrane. This review gives a compre-
hensive summary of the current methods and tools for
studying lipid-membrane protein interaction, which
may bring the ultimate goal of obtaining the entire
structure of the lipid-membrane protein complex in
their native membrane environments one step closer to
reality. By advancing these methods, scientists could
better uncover the pathological mechanism underlying
lipid metabolism dysfunction. Furthermore, these tech-
nologies could be utilized to illustrate how lipids affect
protein-drug interactions and assist in the develop-
ment of drugs that target both lipids and membrane
proteins or protein lipidation.

MEMBRANE PROTEIN SAMPLES FOR STRUCTURAL
STUDIES USING CRYO-EM

With the continuous advancement of electron micros-
copy, it has become possible to obtain high-resolution
structures of membrane proteins. Sample preparation
constitutes a pivotal step that enables researchers to
elucidate the three-dimensional structure of mem-
brane proteins with near-atomic level resolution. In cel-
lular environments, the phospholipid composition is
essential for maintaining the stability of membrane
proteins and plays a significant role in mediating their
activity. Conversely, membrane proteins can also
influence the distribution of phospholipids and the
curvature of the membrane. New methods are being
developed to gather structural information on mem-
brane proteins, especially in their native environment,
to investigate the interactions between the phospho-
lipid environment and membrane proteins.

Nanodisc

Detergents, while effective in extracting proteins from
cells to simplify downstream analysis, can disrupt the
tertiary structure of membrane proteins, reducing sta-
bility and causing unfolding (Padmanabha Das et al.
2020). For samples used directly for structural analysis,
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detergents such as OGNG, and LMNG have been exten-
sively utilized in the successful determination of a
broad array of membrane protein structures (Lee

2022).While for nanodiscs, detergents like DDM,
C12E10, GDN, and CHAPS can stabilize membrane pro-
teins, promoting the formation of nanodiscs (Fig. 1).
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Fig. 1 Schematic representation of methods for membrane protein sample preparation. (1) Nanodisc. Membrane proteins are purified
from cell membranes using detergents, followed by the addition of MSP (PDB ID 1AV1) and phospholipids to form nanodiscs. Deter-
gents commonly used for the preparation of nanodiscs and proteoliposomes are listed (Lin et al. 2019; Lige and Wang 2020; Schmid-
peter and Nimigean 2021; Skarda et al. 2021; Tonggu and Wang 2022; Yang et al. 2022; Han et al. 2024). (2) Proteoliposome. Membrane
proteins are extracted from cell membranes using a detergent, followed by the addition of phospholipids to create a homogeneous solu-
tion. Finally, the detergent is removed to form the proteoliposome. (3) SMALP. SMA is added to the cell lysate, and the SMA polymer
surrounds a small portion of the membrane. This process enables the extraction of membrane proteins along with their associated
phospholipids, resulting in the formation of SMALPs. (4) Native liposome. By sonication, the cells are made to form native liposomes.
The native liposomes could be obtained by three methods: sonicating cells, inducing the formation of NMVs from the plasma membrane,
and collecting exosomes in cell culture medium (Fu and MacKinnon 2024)

Hein et al. 2014). Generally speaking, for the prepara-
tion of nanodiscs, the detergents were gradually
removed from the purified protein sample by dialysis
or gel filtration, then the membrane scaffolding
proteins (MSPs) and the phospholipids were added
to facilitate the self-assembly of the nanodiscs. The
specific methods for preparing nanodiscs could be
found in recent reviews (Denisov and Sligar 2016;

Nanodiscs are formed by amphipathic helical pro-
teins derived from Apolipoprotein A- I (ApoA-I), which
stabilize phospholipids into disc-shaped bilayers
(Bayburt et al. 2002) (Fig. 1). Nanodiscs provide a more
stable environment for membrane proteins, mimicking
biological membranes and maintaining native confor-

mation and activity (Rouck et al. 2017). They are

tunable in size, uniform, and long-lasting, enhancing
protein contrast in electron microscopy for high-
resolution structural analysis (Denisov and Sligar 2017;
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Pettersen et al. 2023; Strickland et al. 2021).
Due to factors such as the fluidity of phospholipids,
studying the interaction between lipids and membrane
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proteins is quite challenging (Denisov and Sligar, 2024).
A novel method termed “lipid titration” has been devel-
oped for force-resolved structural studies using
nanodiscs ( Han et al. 2024). This mechanical force sim-
ulation approach focuses on the structural dynamics of
membrane proteins and has been instrumental in un-
derstanding the underlying mechanisms of force-
induced gating in the OSCA channel and the formation
of proteo-lipidic pores for ion conduction. Two distinct
scaffold proteins, MSP1E3 and MSP2N2, were em-
ployed in the preparation of nanodiscs to facilitate the
visualization of lipid interactions with Ca?*"bound fun-
gal nhTMEM16 at the closed groove (Feng et al. 2024).
This methodological approach underscores the versatil-
ity of nanodiscs in studying protein-lipid interactions
and the influence of scaffold proteins on the conforma-
tional landscape of membrane proteins, the use of dif-
ferent MSPs allows for the exploration of the functional
expression of membrane proteins in different environ-
ments. The different effects of MSP1E3 and MSP2N2 on
the conformation of membrane proteins during the for-
mation of nanodiscs also provide a tool for studying the
functional diversity and regulatory mechanisms of
membrane proteins. However, there are some limita-
tions to this method. The size of nanodiscs may affect
the conformation of the encapsulated membrane pro-
teins, as the diameter of lipid nanodiscs is mostly
between 8-20 nm, which is smaller than many mem-
brane proteins that need to be encapsulated (Zhao
2024). Within nanodiscs, lipids and protein molecules
frequently encounter the belt of the membrane scaffold
protein, which affects the dynamics and structure of the
protein molecules. Due to the limited size of nanodiscs
and the presence of the membrane scaffold protein, the
physical and chemical properties of the lipid bilayer,
such as lipid packing, fluidity, and rigidity, are affected
(Real Hernandez and Levental 2023). In addition, artifi-
cial lipid components do not fully mimic the complexity
and diversity of natural membranes (Inagaki et al.
2013). Since membrane protein-lipid interactions are
critical for maintaining protein structure and function,
the use of artificial lipids may cause structural distor-
tions and lead to misleading conclusions (Wang and
Tieleman 2024).

SMALP

In recent years, Styrene-maleic acid (SMA) as well as
new synthetic copolymers based on SMA and its
derivatives have been reported to be effective carriers
of membrane protein for cryo-EM. SMA, an amphiphilic
polymer composed of a hydrophobic styrene moiety
and a hydrophilic maleic acid, represents itself in aggre-
gated form and tries to insert the hydrophobic styrene
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moiety into the acyl chain of phospholipids. When the
polymer has encircled a tiny piece of the membrane, it
is pulled out, resulting in styrene-maleic acid lipid par-
ticles (SMALPs) (Karanth et al. 2024; Orekhov et al.
2022) (Fig. 1). The preparation method for SMALPs is
still being improved (Broadbent et al. 2022; Glukhov et
al. 2024; Sawczyc et al. 2023; Ullrich et al. 2024). These
extraction techniques eliminate the need for deter-
gents while preserving the interaction between lipids
and membrane proteins (Ayub et al. 2024). In contrast
to detergents, it was reported that membrane protein
extraction using SMA is more beneficial to preserving
the stability of membrane proteins (Zhou et al. 2023).
The method of generating SMALP-like discs is suitable
for using cryo-EM to investigate the lipid-GPCR pro-
teins interactions, understand the effect of lipids on re-
ceptor function during GPCR protein activation (Ayub
et al. 2024), and explore the structural dynamics of the
potassium channel membrane protein KCNQ1 voltage-
sensing domain (Scheyer et al. 2023). In recent years,
high-resolution structures obtained by cryo-EM of
SMALPs, formed by isolating multiple membrane
proteins using polymers, have been conducive to un-
derstanding membrane protein-lipid interactions
(Krishnarjuna and Ramamoorthy 2022). A density map
resolution of 3.2 A was obtained for the multidrug ef-
flux transporter AcrB, which was isolated using SMA
(Qiu et al. 2018). The high-resolution structural folding
of EspP (containing a 12-stranded (-barrel and a
canonical B-signal) in complex with BamA, isolated us-
ing SMA, has been determined by cryo-EM (Doyle et al.
2022). By identifying the (3-signal of EspP, BamA is able
to catalyze the assembly of EspP in the outer cell mem-
brane. In SMALPs, a continuously open BamA {-barrel
and multiple hybrid-barrel substrates were revealed
during the folding process of EspP. A change in the
membrane around the folding intermediate was first
detected, and the change could also affect the folding of
EspP.

Additionally, this method is valuable for developing
more accurate drug-screening platforms (Oates and
Watts 2011) and enhancing drug delivery (Hosokawa et
al. 2024; Mu et al. 2024). However, the method requires
high membrane protein concentration and solubility
(Broadbent et al. 2022; Wang et al. 2024b). Proteins
may dissolve in lipids due to a phase transition,
although this process may occur more slowly at a
temperature of 4°C (Broadbent et al. 2022; Kopf et al.
2020). The structural stability of polymer-lipid-
protein particles derived from various SMA variants
may be partially or completely modified (Hoang Trinh
et al. 2023). It is important to note that the method has
limitations in achieving high-resolution structures.
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Liposome

Liposomes are spherical or multilayered spherical
vesicles formed from the self-assembly of diacyl-chain
phospholipids (lipid bilayer) in aqueous solutions
(Nsairat et al. 2022). The approach of embedding
membrane proteins in liposomes has been widely
employed for the functional and structural investi-
gation of membrane proteins. The necessity for
reconstitution arises because many membrane proteins
express their full activity only when correctly oriented
and inserted in a lipid bilayer (Rigaud and Lévy 2003).

To reconstitute membrane proteins into liposomes,
membrane proteins are purified and solubilized in de-
tergents. Then the protein/detergent mixture is mixed
with the lipid/detergent mixture to form a homoge-
nous solution. Finally, the homogenous solution was re-
moved from detergents to generate proteoliposomes
(Wang and Tonggu 2015; Yao et al. 2020) (Fig. 1). Arti-
ficial lipid components also have been widely used for
reconstituted liposomes, which allows for a controlled
lipid composition while maintaining membrane pro-
tein function (Herbert et al. 2021.). It is possible to in-
fluence the physical properties of membranes and thus
regulate the conformation, activity, and localization of
membrane proteins by artificially altering, for example,
the composition of lipids (Casares et al. 2019; Fratti
2021, Pozza et al. 2022).

Proteoliposomes partially recover the intracellular
electrochemical gradients and membrane curvature of
membrane proteins, which is beneficial to investigate
the impact of the transmembrane gradient of ions or
other substrates on the structure and function of the
target proteins, such as the voltage-gated ion channels
and proton-driven transporters (Yao et al. 2020). In
addition, the method can also be utilized to investigate
the biophysical principles and mechanisms underlying
the tension-dependent activation of the mechano-
sensitive ion channel Piezo (Haselwandter et al. 2022;
Tong et al. 2015; Yang et al. 2022). Notwithstanding
these advances, the reconstitution procedure is difficult
in some cases, especially if the membrane protein
requires stabilization in a low critical micelle concen-
tration detergent. Moreover, lipids used in the recon-
stitution will not likely replicate the composition of a
cell membrane when the membrane composition is
unknown. Of equal importance, the detergent extra-
ction step prior to reconstitution will most assuredly
result in the loss of cofactors and associated proteins,
which may be weakly bound yet essential for normal
biological function.

To solve these problems, methods of extracting
endogenous vesicles have been proposed, including the

© The Author(s) 2025

isolation of fragments of native cell membranes in the
form of small vesicles and the extraction of functional
synaptic vesicles from mouse brains (Wang et al. 2024a).
These methods don’t remove a protein from the
membrane, which helps stabilize membrane protein
and preserve a local environment for the protein that is
closer to its natural environment in the cell. Using this
method, it is also possible to discover associated
molecular partners such as small molecules, lipids, and
other proteins that normally dissociate under
traditional purification methods (Tao et al. 2023).

In situ

While the sample preparation approaches mentioned
above could help characterize membrane protein in a
near-native lipid environment, the topology of the
membrane is disrupted hence abolishing membrane
curvature (Yao et al. 2020). In recent years, the applica-
tion of cryo-electron tomography (cryo-ET) technology
has provided a powerful tool for studying the natural
structure of membrane proteins in the cellular environ-
ment and their interactions with the cell membrane at
their original location (in situ), which is helpful to
reserve this characteristic (Keller and Fernandez-
Busnadiego 2024). Additionally, it is capable of captur-
ing the distribution and conformational changes of
proteins under near-physiological conditions with
nanoscale resolution (Dutta and Acharya 2024). How-
ever, cryo-ET currently faces several limitations. It is
primarily suitable for larger membrane protein com-
plexes or highly abundant membrane proteins. Com-
pared to single-particle analysis (SPA), for smaller
membrane proteins, the technique struggles to accu-
rately localize protein particles due to their lower con-
trast (Ching and Maufront 2024; Yan 2025).

The selection of suitable biological samples for in situ
structural studies, including organelles, cells, and tis-
sues, is of great importance (Keller and Fernandez-
Busnadiego 2024). For thicker samples, thin slices are
prepared using a cryogenic focused ion beam (cryo-
FIB) representing a state-of-the-art methodology for
the preparation of samples for transmission electron
microscopy (TEM). This technique allows for the pre-
cise cutting and processing of materials at cryogenic
temperatures, resulting in the production of ultra-thin
slices of samples (commonly referred to as “lamellae”)
that can be imaged and analyzed at high resolution in
the TEM. Thin sections prepared by cryo-FIB ensure
that the electron beam can effectively penetrate the
sample (Long et al. 2022). The in situ structure of mem-
brane proteins could be analyzed by acquiring a series
of tilt-angle two-dimensional projection images. To en-
hance image quality, denoising and image segmenta-
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tion techniques are often employed to identify and
select specific structures within the sample. Subtomo-
gram averaging (STA) is then performed on these se-
lected, structurally similar particles to enhance the
signal-to-noise ratio, thereby significantly improving
the resolution of the structures (Sexton et al. 2022; Zhu
etal. 2022).

Cellular in situ structural studies have been exten-
sively employed to investigate the structural character-
istics of channels, receptors, and transporter proteins
on diverse cell membranes (Poge et al. 2021; Zila et al.
2021; You et al. 2023; Dahmane et al. 2022; Tran et al.
2021; Zhao et al. 2022; Klein et al. 2023, 2020). Cryo-ET
has been utilized to identify previously unreported in-
teractions between vesicular (H*)-ATPase (V-ATPase)
and synaptophysin within synaptic vesicles (SVs)
(Wang et al. 2024a). This method, when combined with
liposome structural analysis and in situ structural anal-
ysis, enables a more comprehensive observation of the
interactions between membrane proteins and sur-
rounding lipids under physiological conditions, provid-
ing valuable insights into the molecular mechanisms
underlying neurotransmitter release and its regulation,
as well as the organization of membrane proteins and
lipids within the synaptic vesicle environment (Xu et al.
2024a).

Despite its considerable potential in membrane pro-
tein research, cellular in situ structural studies are con-
fronted with a number of challenges. The generation of
sub-nanometre resolution structures, for instance, re-
mains a relatively uncommon occurrence (Watson and
Bartesaghi 2024). The processing of in situ structural
studies data necessitates the utilization of sophisticat-
ed computational techniques and high-performance
computing resources. Besides, cryo-FIB, as a technique
used to prepare ultra-thin sections for high-resolution
electron microscopy imaging is typically both time-
consuming and laborious.

ADVANCED UNDERSTANDINGS IN THE
STRUCTURES AND FUNCTIONS OF MEMBRANE
PROTEINS

Membrane proteins interact with and influence their
surrounding lipid environment, thus playing crucial
roles in numerous cellular physiological processes,
including signaling, membrane transport, and energy
conversion. Advancements in technology have led to
significant progress in our understanding of the
structure and function of membrane proteins, as well as
the interactions between membrane proteins and their
lipid environment through the use of cryo-EM.
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OSCA channels

0SCA1.2 is a calcium ion channel found in plants and is
a member of the mechanosensitive ion channel family
(Murthy et al. 2018). In a hyper-osmotic environment,
the influx of calcium ions is facilitated, playing a crucial
role in the plant’s perception of osmotic pressure. The
high-resolution cryo-EM structure of OSCA1.2 in its
closed state has been resolved, revealing a homodimer
with each subunit containing 11 transmembrane
helices (Liu et al. 2018). The dimer exhibited non-
centrosymmetry and formed a V-shaped cavity be-
tween the transmembrane domains of the two
monomers (Fig. 2A). This cavity opened to the extracel-
lular side and was isolated from the cytoplasm. The
molecular dynamics model of OSCA1.2’s interactions
with the phospholipid bilayer suggested that lipids
could stabilize the assembly within the dimer’s V-
shaped cleft (Jojoa-Cruz et al. 2018). It was hypothe-
sized that membrane tension might facilitate the gating
process of the channel by influencing lipid occupancy in
this region. However, lipid density was not detected in
the structure of 0SCA1.2 purified using detergent.

To investigate the correlation between the gating
mechanism of OSCA and the lipid content in the V cavi-
ty, OSCA1.2 was reconstituted into nanodiscs at three
different ratios of MSP to lipid and analyzed using
cryo-EM (Han et al. 2024). As the lipid content in the
nanodiscs decreased, leading to increased membrane
tension, the degree of contraction of OSCA1.2 also
increased. The OSCA family members OSCA3.1 and
OSCA1.1 exhibited a similar trend. In the contracted
OSCA structures, a significant widening of the
membrane-side opening was observed. However, it is
currently not possible to determine whether the chan-
nel is open due to a distinctly dilated pore.

To further confirm whether changes in local curva-
ture can activate OSCA, the activation state of OSCA was
studied using proteoliposomes of small diameters (d <
40 nm). In the liposome structure of OSCA1.2, the pro-
tein exhibited two orientations: inside-out and inside-
in. The inside-out structure resembled the closed state,
as shown in the nanodisc structure mentioned above,
whereas the inside-in structure featured a belt of mem-
brane density that had been inserted into the gap and
had extended along the pore, effectively sealing the lat-
eral opening of OSCA. It was named the proteo-lipidic
pore (Fig. 2B). A mechanical-coupling model has been
proposed, suggesting that as membrane tension in-
creases, lipids in the OSCA gap are continuously pulled
out, thereby disrupting the stability of the helices
bound to the lipids in OSCA. In order to maintain stabil-
ity, the spiral rotation causes the gap to narrow, which

© The Author(s) 2025
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Fig. 2 Phospholipids are involved in the opening and closing of OSCA channels. A Overall dimeric structure of AtOSCA1.2 (PDB ID 61JZ)
in its closed state. A side view of the V-shaped cleft and an extracellular view of the dimer cavity. The model of 0SCA1.2 is shown as sur-
face. B The lateral and top views of the proteo-lipidic pore of the liposome-embedded OSCA1.2 (PDB ID 8XA]) are shown as a cartoon.
0SCA1.2 is shown in light pink and light green, while the lipids are shown in yellow. C (1)-(4), the activation pathway of the OSCA chan-
nel is shown in the top view (upper panel) and side view (lower panel). Under membrane tension, cleft lipids are continuously pulled
out, causing the cleft to narrow. The OSCA channel transitions from the Expanded state (1) to the Contracted state (2). As membrane ten-
sion increases, the tightly bound ‘interlocking’ lipids and the pore exit lipids on each subunit of the OSCA are pulled out independently.
This process enables the OSCA subunit to form a proteo-lipidic ion pathway, referred to as the Subconducting state (3). The complete
opening of the OSCA dimer results in the Open state (4). The colours of the two subunits are light pink and light green, respectively. The
cleft lipids, ‘interlocking’ lipids and pore exit lipids are shown in gray, blue and red, respectively. lons are indicated by yellow dots and
permeation pathways are indicated by blue arrows. Adapted from reference (Han et al. 2024)

could lead to the opening of the channel (Fig. 2C). Utiliz-  Piezo channels

ing liposomes in cryo-EM research has the potential

to enhance our understanding of the conformational = The Piezo channel family, including Piezol and Piezo2
switching and mechanisms of mechanosensitive  in mammals, are evolutionarily conserved and function-
channels. ally diverse mechanosensitive cation channels, which
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mediate key physiological and pathophysiological pro-
cesses. The cryo-EM structure of recombinant mouse
Piezol in the detergent micelle has been determined,
revealing a three-bladed, propeller-like homotrimeric
architecture with a core ion-conducting pore module
topped with an extracellular cap domain (Guo and
MacKinnon 2017; Saotome et al. 2018; Zhao et al. 2018)
(Fig. 3A). The three blades are composed of transmem-
brane helices and do not lie in a plane in the closed con-
formation, which could induce the lipid bilayer to curve
between the arms (Guo and MacKinnon 2017; Zhao et
al. 2018). The structure of mouse Piezo2 is similar to
mouse Piezol (Wang et al. 2019). To investigate the
mechanism by which Piezo converts external mechani-
cal stimuli into electrochemical signals, a membrane
dome mechanism has been proposed, in which the
membrane flattens upon the opening of the channel
(Fig. 3A).

The detergent environment makes it challenging to
establish a state under tension, which prevents the ob-
servation of Piezo flattening. The reconstruction of
membrane proteins into liposomes enables the explo-
ration of conformational changes in Piezol. To confirm
the reversible conformational change of Piezo1 flatten-

ing in response to membrane tension, the varying cur-
vature of Piezol in a phospholipid environment was
investigated quantitatively using cryo-EM and high-
speed atomic force microscopy (HS-AFM) (Lin et al
2019). Both methods demonstrated that Piezol could
deform its shape towards a planar structure, which
could explain how lateral membrane tension gates the
Piezo channel. To further explore the structural details
of the flattened Piezo1, the flattened structure of Piezo1l
within the liposome was determined at medium resolu-
tion using cryo-EM (Yang et al. 2022). The pores of the
flat Piezol channels appeared to be slightly expanded
compared to those of the curved Piezol channel, and
three blades underwent a downward motion to be-
come totally co-planar. However, it is unclear whether
Piezo1l is open under this condition due to the resolu-
tion limitations of the pore region.

There is still little mention in the aforementioned re-
search of how Piezo interacts with its residing lipid
membrane. Theoretical calculations and simulations
showed that starting from the membrane dome Piezo
can form a larger membrane footprint (Haselwandter
and MacKinnon 2018) on the membrane region out-
side the dome (Haselwandter et al. 2022) (Fig. 3B). The

Curved Piezo1l

Flattened Piezol

Fig. 3 Curved and Flattened States of the Piezol Channel. A The alignment of the curved (PDB ID 7WLT) and flattened (PDB ID 7WLU)
liposome-embedded Piezol structures are shown in the side and top views. B Schematic representation of the hypothesized effects of
the curved and flattened states of Piezol channels on membrane curvature. The curved and flattened forms of Piezo1 are shown as the
surface. The curved Piezo1l is shown in yellow cream, the flattened Piezo1 in sky blue and the membrane in gray
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shape of the membrane footprint is influenced by
several key factors: the basic shape of the Piezo dome
(curvature), the bending modulus of the membrane
(stiffness), and the tension applied to the Piezo-
membrane system. To experimentally measure the
shape of the membrane containing Piezo without aver-
aging out useful information, seven Piezo vesicles of
varying radii were analyzed using cryo-ET (Hasel-
wandter et al. 2022). The tomograms confirmed that
these channels were predominantly reconstituted with
their extracellular surfaces oriented toward the interi-
or of the vesicle. In smaller vesicles, the Piezo dome
was more curved, while in larger vesicles, it appeared
flatter (Lin et al. 2019). The Piezo dome shapes derived
from the minimization of the Helfrich energy equation,
a physical principle that governs the shape of free
membranes outside the Piezo dome, closely approxi-
mate the observed shapes of these domes. In the cases
above, techniques for reconstructing liposome samples
and cryo-ET were used to gain a deeper understanding
of the interaction between Piezo and lipid membranes.
Through the membrane footprints, Piezo and the free
membrane interact with each other, affecting each
other’s distribution and Piezo’s gating properties on
the membrane.

To elucidate the Piezo-membrane interaction with
more physiological relevance, the mechanical proper-
ties of Piezo need to be further studied in situ in differ-
ent types of tissue cells, or even different membrane
regions within the same cell, which exhibit varying me-
chanical properties of the membrane due to varying
lipid compositions. In addition, the cytoskeleton di-
vides the cell membrane into regions of varying sizes,
which can subsequently alter the shape and size of the
Piezo membrane footprint, thereby influencing the
Piezo gating properties. Future studies of Piezo in the
cellular environment using cryo-ET are expected to
shed more light on the pathogenesis by gain- or loss-
of-function mutations of Piezo, to facilitate the develop-
ment of Piezo-specific drugs for treating conditions
associated with Piezo abnormalities.

SPFH family

The SPFH (Stomatin, Prohibitin, Flotillin and HfIK/C)
family comprises a class of membrane proteins local-
ized in various biological membrane systems (Brow-
man et al. 2007; Lapatsina et al. 2012; Tavernarakis et
al. 1999; Yokoyama and Matsui 2020). These proteins
play crucial roles in maintaining the stability and func-
tionality of membrane microstructural domains. To
gain a deeper understanding of the role of SPFH family
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proteins at the molecular level, the cryo-EM structures
of detergent-purified HfIK and HfIC complexes derived
from E. coli were resolved (Ma et al. 2022). The struc-
ture consisted of SPFH proteins (HfIK and HfIC) and
FtsH, a membrane-anchored AAA+ protease. The
HfIK/C complex resembled an inverted cup on the
membrane, with the walls formed by 12 copies of the
HfIK-HfIC dimer arranged in a circle. Four FtsH hexam-
ers were exclusively located within the cup and specifi-
cally interacted with the inner surface of the HfIK/C
wall to form intact HfIK-HfIC-FtsH (KCF) complexes
(Fig. 4A). The resulting structure led to the hypothesis
that the HfIK/HfIC complex functions as a membrane
microdomain, as the HfIK/HfIC complex interacts with
the membrane to create a new microdomain that iso-
lates biochemical processes within the cage from the
surrounding membrane. The purification of the HfIK/C
complex using detergent, while informative, did not
fully capture its authentic interaction with the cell
membrane.

To gain a comprehensive understanding of native
membrane-protein interactions, vesicles derived from
the HEK293 GnTl" cell plasma membranes, organelle
membranes, and exosome membranes were analyzed
using cryo-EM (Fu and MacKinnon, 2024). Flotillin, a
member of the SPFH family, was observed as a large
truncated cone attached to the membrane surface in all
three samples. Flotillin has wide and narrow ends of
truncated cones that were attached to the membrane
surface. There was variation in the orientation of
Flotillin cages on vesicles, with 40% of Flotillin cages
located inside the vesicle (outside-out vesicles), 20%
located outside the vesicle (inside-out vesicles) and
40% located outside the vesicle, interacting with other
membranes (inside-out double-membrane vesicles)
(Fig. 4B).

Notably, the Flotillin cage, situated outside the vesi-
cle, featured a narrow end that could attach to a second
membrane by forming hydrophobic surfaces (Fig. 4C).
Meanwhile, the attachment of the narrow end of the
Flotillin cage to membranes could alter the local curva-
ture of the membrane, thereby influencing endocytosis
and mechanosensory processes (Frick et al. 2007; Rien-
to et al. 2009). This provided a new perspective for
understanding the native interactions between mem-
brane proteins and membranes. In addition, outward-
facing and inward-facing Flotillin cages, displayed
notable conformational differences at the membrane
interface. However, it was recognized that these vesi-
cles do not accurately replicate the orientation of
Flotillin cages within the cell. Investigations utilizing
cryo-ET to examine unroofed erythrocytes demon-
strated that Flotillin cages embedded within the ery-
throcyte membrane were arranged in an outside-out
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Fig. 4 Structure of the SPFH Family Complex. A The overall structure of the intact HfIK-HfIC-FtsH (KCF) complex. The bottom view (cy-
toplasmic view), side view and top view (periplasmic view) of the KCF complex (PDB ID 7VHP) are shown in the sphere style. Subunits
of HfIK, HfIC and FtsH are colored lavender, sky blue and dark magenta, respectively. B Reconstruction of the Flotillin complex (PDB ID
9BQ2, the biological assembly is shown in the sphere style) associated with the vesicle. 20% of Flotillin is present in inside-out vesicles
(left), 40% is located inside outside-out vesicles (middle), and 40% is found in inside-out double-membrane vesicles (right). The Flotill-

in complex is shown in violet. The membrane is depicted in gray

orientation (Fu and MacKinnon, 2024). This phe-
nomenon suggests that the appearance of inside-out
vesicles in the reconstitution of Flotillin liposome may
result from their flipping from the original outside-out
state. It is also possible that Flotillin, in an inside-out
state, may be located on the organelle membrane,
where it interacts with the plasma membrane to collab-
oratively maintain the stability and functionality of
membrane microdomains, alongside the outside-out
state of Flotillin on the plasma membrane. However,
these hypotheses, have not yet been verified as Flotillin
cages in an inside-out conformation have not been ob-
served in erythrocyte membrane samples.

Dynamin channels
Dynamin is a membrane-remodeling protein that as-

sembles helical polymers on membranes (Ferguson
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and De Camilli 2012). Additionally, it exhibited GTPase
activity, which was essential for membrane scission
during endocytosis (Sundborger et al. 2014). In order
to elucidate the structure of the dynamin protein,
researchers employed lipids to stabilize the interaction
between dynamin and membranes in vitro, thereby in-
ducing the lipid vesicles to assume a tubular configura-
tion (Dar et al. 2015; Jimah et al. 2024; Kong et al. 2018;
Sundborger et al. 2014; Sweitzer and Hinshaw 1998;
Takei et al. 1995). This method helped to preserve
dynamin’s natural conformation and membrane inter-
actions, therefore providing a more accurate represen-
tation of its function within the cell.

In a recent study, dynamin was successfully reconsti-
tuted into lipid tubules in vitro and observed by cryo-
ET (Jimah et al. 2024). Dynamin formed a constricted
structure in the bound state with GTP, whereas in the
GDP-bound state, dynamin was capable of forming a
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super-constricted structure, which may represent the
final step in membrane fragmentation. In this super-
constricted state, novel interfaces between neighbor-
ing GTPase molecules were observed (Fig. 5A), which
was not evident in the GTP-bound constricted state. In
the GDP-bound constricted state, the conformation of
the contiguous bundle-signaling element (BSE) was
similar to that observed in the GTP-bound state, which
is in the “up” position (Fig. 5B). In contrast, the previ-
ously solved crystal structure showed BSE remains in
the “down” position after GTP hydrolysis (Anand 2016).
This may reflect the transition state of kinesin after GTP
hydrolysis, preparing for membrane cleavage (Fig. 5C).

In the super-constricted state, the density of the
variable loops 1 and 4 of Dynamin’s PH (pleckstrin
homology) domain, which is known to bind lipids was
markedly enhanced in comparison to the crystal
structure (Faelber et al. 2011) (Fig. 5D). The PH domain
rich in positively-charged residues was thus stabilized,
and able to form an electrostatic interaction with the
membrane surface. The flexibility and dynamics of the
PH domains also allowed them to adapt to different
membrane curvatures and lipid compositions, thus
permitting dynamin to function in different types of
membrane environments. In contrast, in the absence of
lipid membranes, the PH structural domain was
entirely unresolved in the 2-initial GMPPCP-binding
structure of the dynamin helix (Liu et al. 2021).

GTP hydrolysis played a pivotal role in the interac-
tion of dynamin with lipid tubules and the subsequent
membrane super-constricted structure. Dynamin as-
semblies observed in HeLa cells by cryo-ET exhibited a
wide range of diameters (Jimah et al. 2024). This find-
ing further corroborated the hypothesis that dynamin
was capable of adapting to different sizes of lipid
tubules, thereby facilitating membrane contraction and
division. The use of cryo-ET was crucial for this re-
search, as it offered a unique opportunity to directly
observe dynamin assemblies within the cellular en-
vironment. This allows researchers to gain deeper
insights into how dynamin orchestrates structural
changes, which were essential for membrane contrac-
tion and division as well as downstream biological pro-
cesses including intracellular substance transport and
signaling.

Torpedo cholinergic membranes

Nicotinic acetylcholine receptor (nAChR) has been
studied both in detergent and in situ in the surrounding
phospholipid and cholesterol arrangements in Torpedo
cholinergic membranes (Unwin 2022).

Upon extraction of the nAChR from the membrane
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and dissolution in detergent, the transmembrane -
helices exhibit displacement towards the interior of the
membrane likely due to the loss of natural membrane
constraints (Rahman et al. 2020; Unwin 2020). This
resulted in a tighter packing of the helices compared to
their arrangement in the native state within the
membrane.

There were notable discrepancies between the
detergent-solubilized and in situ structures. In the natu-
ral environment of the membrane, the transmembrane
a-helices of nAChR were more sparsely arranged. A dis-
tinctive transmembrane o-helix situated within the a-
subunit of nAChR was found to be more parallel to the
membrane surface, as expected to reflect their natural
arrangement in the membrane. The peripheral helices
of the a-subunit exhibit specific bending and bifurca-
tion features in the region of the outer head groups,
which differ from those observed in the detergent. The
receptor base may be linked to proteins such as rapsyn,
displaying unassigned densities (Zuber and Unwin
2013). These features were absent or less pronounced
in the detergent-solubilized structure.

The in situ structure also demonstrated the exis-
tence of nAChR interactions with lipids. The specific ar-
rangements of cholesterol and phospholipids can form
different membrane phases, such as lipid rafts, which
are regions of low membrane fluidity that may act as
signaling platforms and influence receptor aggregation
and activity (Lingwood and Simons 2010; Unwin 2024).
The cholesterol molecules within the cell membrane
exhibit an alignment that is oriented along the rows
(Fig. 6), with a slight variation in tilt angles, closely re-
sembling the linear arrays of cholesterol in a triclinic
crystal layer.

Mammalian respiratory supercomplexes

By employing cryo-ET to capture mammalian respirato-
ry supercomplexes (SCs) in their native configuration
extracted from porcine heart mitochondria, two novel
supercomplex forms, designated as type B (I;I11,1V,)
and type X (I,I1I41V,) were identified (Fig. 7), suggest-
ing that respiratory chain complexes may have higher-
order, more diverse assembly forms under in vivo
conditions (Zheng et al. 2024).

Furthermore, the researchers obtained high-
resolution structures of multiple reaction intermediates
in the respiratory chain supercomplex, including com-
plex I(CI), which exhibited different states of binding to
UQ (Ubiquinone) and UQH2 (Ubiquinol). These struc-
tures reflected the dynamics of the respiratory chain
supercomplex. Based on the known mechanism of
exchange of ubiquinone and ubiquinol, the in situ
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Fig. 5 Comparison of the BSE structural domains of dynamin in the GDP-bound state. A New interaction interfaces between neighbor-
ing GTPase molecules observed in the super-constricted state (indicated by the red circles). B Overlay of the GDP bound super-constrict-
ed (pink, PDB ID 8TOR) and GMPPCP (GTP analogs) bound constricted dimers (blue, PDB ID 6DLU), around the GTPase dimer interface.
The stalk moves toward the membrane upon GTP hydrolysis 6.3 A for the kinked, stable monomer (indicated by an asterisk), and 9.6 &
for the flexible monomer. C In the lipid tubule structure of GDP-bound dynamin (PDB ID 8SZ8), BSE is in an upward position in the su-
per-constricted state (shown in gray and green respectively for the two monomers). In the crystal structure of GDP-bound dynamin,
however, BSE is in a downward position (PDB ID 5D3Q) (shown in red and violet respectively for the two monomers). D Dynamic pro-
tein helix assembly structure bound to the lipid membrane, exhibiting variable loops in color, among which Loop 1 and Loop 4 interact

with the membrane (PDB ID 8SZ4). Adapted from reference (Jimah et al. 2024)

structure of CIII revealed the Q cycling process of key
intermediates, including the oxidation of QH2
(Ubiquinol) and the reduction of Q (Coenzyme).

The crystal structure of CIII bound to the known Qo
site (An active site in complex III) inhibitor stigmatellin
was more closely aligned with the head group of the
inhibitor stigmatellin bound to CIII than with the
endogenous QH2 captured in the in situ structure
(Huang et al. 2005). This proximity may influence the
electron acceptance of the ISP (Rieske iron-sulphur
protein), potentially leading to the inhibition of CIII
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activity. Furthermore, four distinct Q-binding states
were resolved, suggesting that electron transfer was
from QH2 to Cyt c1, mediated by the Rieske structural
domain (Crofts et al. 1999; Zhang et al. 1998).

The presence of lipid molecules was essential for
regulating the activity of the electron transport chain,
as well as the mobility of the respiratory chain complex
in the membrane and its interactions with other com-
plexes. The two A-type (I;111,1V,) supercomplexes were
arranged in a head-to-head configuration to form the
larger X-type (I,11141V,) complex. This dimerization was
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Fig. 6 The arrangement of cholinergic receptors on the membranes of cholinergic cells. A Cholinergic receptors are evenly distributed
across the cell membrane, with different colored circles indicating different subunits of cholinergic receptors. The red and blue lines
represent the staggered and aligned positioning of cholesterol molecules respectively. The size of the cholinergic receptors and choles-
terol are not to scale. B The arrangement of cholesterol molecules within a triclinic crystal layer. Equivalent rows are identified by red
and blue dashed arrows to distinguish and compare the arrangement of cholesterol molecules across different rows, with red represent-
ing oxygen atoms, white representing hydrogen atoms, and yellow representing carbon atoms in cholesterol. Adapted from reference

(Unwin 2022)

Fig. 7 Different compositions of the respiratory chain supercom-
plex in mammalian mitochondria. Type A (I;1II;IV;) represents
the most prevalent form of the respiratory chain supercomplex,
comprising one complex [ (CI), two complexes III (CIII), and one
complex IV (CIV). Type O (I,111,1V,) supercomplex form contains
two complexes I (CI), two complexes III (CIII), and two complex-
es IV (CIV). Type X (I,111,IV,), contains two complexes I (CI), four
complexes III (CIII), and two complexes IV (CIV), known as type X
because of its chromosome-like appearance. Type B (I;111;1V,),
comprises one complex I (CI), two complexes III (CIII), and two
complexes IV (CIV)

primarily mediated by “protein-lipid-protein” interac-
tions. At the dimerization interface, no other typical
strong protein-protein interactions were observed,
except for a potentially weak interaction between CI
and CIV.

The role of lipid molecules in the supercomplex was
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to act as a linker and stabilizer between the subunits,
filling the interfacial space between the protein sub-
units and helping to maintain the structural stability of
the supercomplex. The assembly of the supercomplex
exerted a significant influence on the local curvature of
the membrane surrounding it. Furthermore, the geome-
try of the membrane may also affect the arrangement,
distribution, and conformation of the supercomplex.
For instance, in the membrane region surrounding CI,
the membrane was curved towards the mitochondrial
matrix. This curvature contributed to the interactions
of CI with other complexes. In contrast to the curvature
of the membrane surrounding CI, the membrane in the
CIlI, region displayed a curvature towards the mito-
chondrial intermembrane space. This opposite curva-
ture may influence the lateral migration and sorting of
lipids, peptides and proteins, and consequently affect
the behavior of small molecules within the membrane
(Iversen et al. 2015; McMahon and Boucrot 2015). In
CI, lipid molecules played a role in facilitating efficient
proton transfer pathways.

As a result of the detailed examination of the struc-
ture and function of membrane proteins, researchers
are coming to recognize that preserving the in situ
structure of membrane proteins within their natural
membrane environment is essential for comprehend-
ing their biological functions. As a carrier that mimics
the cellular membrane environment, liposomes permit
researchers to study the structure and function of
membrane proteins under near-physiological condi-
tions. In contrast, the cryo-ET technique enables
researchers to directly observe and resolve the 3D
structures of proteins in the natural environment of
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cells. Nevertheless, cryo-ET technology still presents
numerous challenges.

METHODS FOR MEMBRANE PROTEIN STUDIES
USING CRYO-EM

In cryo-EM methodologies employed for the study of
membrane proteins, sample preparation can be broad-
ly categorized into two overarching strategies, purified
samples and in situ samples. These two approaches
possess distinct advantages and limitations, rendering
them suitable for diverse research objectives and ex-
perimental conditions. The purified samples approach
is suitable for studies aiming for high resolution, while
the in situ approach is more powerful for studies of
membrane protein-lipid interactions and the native
structure of membrane proteins.

Sample preparation

Purified samples, including those in detergent micelles,
nanodiscs, SMALPs and liposomes, generally exhibit a
reduction in impurities, greater homogeneity, and
therefore enhanced resolution in cryo-EM structure
determination. However, the purification process likely
alters the natural environment of the proteins, affecting
their structures and functions. In particular, the
purification process may result in the loss of lipids that
interact with membrane proteins and are vital for their
functionality. Thus here we mostly focus on the
preparation of in situ samples, while details of common
sample preparation methods for purified samples can
be found in recent reviews (Arnold et al. 2018;
Weissenberger et al. 2021; Xu and Dang 2022).

Given the complex background, for in situ samples,
gold nanoparticles are frequently used to locate target
molecules in cell sections. Techniques such as SNAP-
tag-labeled nanogold (Song et al. 2015) or immunogold
labeling allow specific binding to macromolecules on
the outer membrane (Spehner et al. 2020). These gold
particles appear as high-electron-density black dots
under the electron microscope, enabling precise
localization of target molecules based on their positions
(Griffiths and Lucocq 2014).

Freezing

In the process of in situ sample preparation, the sample
is rapidly frozen to prevent the formation of ice crystals
and thereby maintain the native state of the sample.
Rapid freezing methods typically include plunge freez-
ing and high-pressure freezing (HPF).
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Similar to purified samples, thin in situ samples such
as mammalian cells cultured on a cryo-EM grid
(Mahamid et al. 2016) could be directly immersed in a
cryogenic liquid (ethane or propane, etc.) to rapidly
achieve freezing (Adrian et al. 1984; Frederik and
Hubert 2005; lancu et al. 2006), known as plunge
freezing.

The preparation of larger cell or tissue samples can
be achieved through the use of HPF, which employs
high pressure (typically 210 MPa) to reduce the
freezing point of water, facilitating rapid freezing while
minimizing volume expansion during ice formation
(Moor et al. 1980).

Thinning

To permit effective penetration of the electron beam
and acquisition of a clear image, a sample for cryo-EM
needs to be sufficiently thin. Therefore, in situ samples
often require a thinning process, the accuracy and
efficiency of which are under active improvement.

CEMOVIS

The CEMOVIS (Cryo-Electron Microscopy of Vitreous
Sections) is employed for the preliminary trimming of
voluminous samples. Frozen hydrated samples are ex-
cised with a diamond knife into continuous slices of an
appropriate thickness, and the samples are mounted on
special grids for observation in a transmission electron
microscope (Al-Amoudi et al. 2004). The slices are pre-
pared in the frozen state. This approach better pre-
serves the sample’s native state; however, the slices
may undergo compression along the direction of the
cut, which can interfere with imaging and reconstruc-
tion. CEMOVIS enables internal high-resolution 3D
imaging of samples that are too thick to be directly im-
aged in cells or even tissues (Bleck et al. 2010).

Cryo-FIB

Cryo-FIB technology employs a combination of cryo-ET
and focused ion beam (FIB) techniques at low tempera-
tures for the precise cutting and milling of biological
samples in the vitrified state. This is done in order to
prepare lamellae suitable for TEM observation (Marko
et al. 2007; Rigort and Plitzko 2015). The focused ion
beams typically use gallium, along with xenon, argon,
and others (Schaffer et al. 2019). The material is pro-
gressively removed from the two sides of the sample
material by the ion beam until the desired slice thick-
ness (as low as 10 nm) is reached (Vidavsky et al.
2016). The ion beam damage to the sample is reduced
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by optimizing the ion beam parameters (e.g. beam in-
tensity, beam diameter, and milling time) prior to per-
forming cryo-FIB. The thickness of the sample must
be accurately controlled, as this affects the imaging
quality and the accuracy of the 3D reconstruction.
Subsequently, the sample is dried in a high vacuum en-
vironment During the cryo-FIB process, a scanning
electron microscopy (SEM) mode is used to monitor the
milling process and quality of the samples, ensuring the
uniformity and integrity of the slices. Once the prepara-
tion of the samples is complete, they are either trans-
ferred to a TEM grid or imaged directly by TEM within a
FIB-SEM instrument. The application of cryo-FIB tech-
nology allows for the precise and controlled prepara-
tion of ultra-large samples for cryo-ET. However, it
should be noted that ion beam processing may cause
some damage to the sample surface, and the sample
may be affected by charge accumulation during pro-
cessing. The recent development of a fully automated
sequential cryo-FIB preparation process for high-
quality lamellae, which includes rough milling and pol-
ishing, has the potential to significantly reduce the time
required for thin-section preparation while simultane-
ously minimizing the user input requirements. This, in
turn, has the capacity to enhance the imaging accuracy
and applicability to different proteins (Zachs et al.
2020).

Cryo-FLM-FIB-ET (cryo-fluorescence light microscopy-
focused ion beam-electron tomography)

The novel cryo-FLM-FIB-ET methodology integrates the
advantages of cryo-fluorescence light microscopy (cryo-
FLM), cryo-FIB milling, and electron tomography (cryo-
ET) to achieve high-resolution imaging of biological
samples (Yang et al. 2023). Initially, biological samples
are cryo-fixed to preserve their native structure and
imaged using fluorescence microscopy to identify and
localize the target area under frozen conditions. Target
proteins are labeled with fluorescent probes and visual-
ized through cryo-FLM, enabling precise localization of
the target structure (Liedtke et al. 2022; Wolff et al.
2020; Li et al. 2023a, b). Based on the fluorescence
imaging results, ultra-thin lamellae are prepared with
high precision using cryo-FIB milling, followed by
electron tomography under a TEM for nanoscale imag-
ing. This integrated approach allows continuous imag-
ing from the molecular to the nanoscale level while
ensuring accurate localization of target structures.

Cryo-FIB lift-out
The cryo-lift-out process enables the precise extraction

of targeted regions from vitrified samples in cryo-FIB
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techniques. After high-pressure freezing, the sample is
trimmed using a cryosectioner, and specific areas of
interest are identified and prepared through cryo-FLM
milling (Hsieh et al. 2014; Mahamid et al. 2015). In the
cryo-lift-out step, these regions are carefully extracted
and transferred to a cryo-TEM grid for further thinning
and imaging. This method is particularly valuable for
isolating specific areas from large, complex frozen
samples, such as tissues or whole organisms, that are
difficult to access with conventional cryo-FIB milling.
By minimizing contamination and damage during sam-
ple preparation, cryo-lift-out improves imaging quality
and facilitates reliable analysis of intricate biological
structures, including organelles, membranes, and cell-
cell interactions (Kuba et al. 2021).

Plasma cryo-FIB

Plasma cryo-FIB represents a novel approach to sam-
ple preparation for structural biology, whereby a plas-
ma ion source is employed in lieu of a traditional metal
ion source, such as gallium. The plasma source pro-
duces ions with greater energy, which interact with the
sample in a more efficient manner, thereby reducing
the physical damage to the sample. The higher ion ener-
gy produced by the plasma enables the use of a lower
ion dose when cutting the sample, thereby increasing
the efficiency of sample preparation, reducing damage
to the sample surface, and enabling the fine grinding re-
quired for thinner, more fragile samples (Bassim et al.
2014).

Waffle

The Waffle method is a cryo-FIB technique that in-
volves the use of a waffle-shaped specimen holder. The
Waffle method is suitable for processing tissue sections
or cell suspensions up to tens of microns in thickness. It
is also applicable to thicker samples that are not suit-
able for conventional cryo-FIB methods, such as tissue
sections or cell clusters. The samples are rapidly frozen
by high-pressure freezing and subsequently sectioned
using a cryo-FIB, resulting in thin slices that are suit-
able for cryo-ET analysis. The samples are then cut into
a waffle-like lattice structure, which is referred to as the
“Waffle” structure. The grid-like structure facilitates the
localization and identification of specific sample re-
gions in subsequent cryo-ET analysis. The cut samples
are then transferred to a TEM grid for further imaging
and analysis. This method is particularly suitable for
studying 3D structures at the tissue level, yet the thick-
ness and complexity of the sample may also impact the
imaging quality and resolution of cryo-ET (Kelley et al.
2022; Klykov et al. 2022).
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Data collection

The data collection process for single-particle cryo-EM
has been well established (Cheng and Yu 2024; Koh et
al. 2022; Weis and Hagen 2020). For cryo-ET, a series of
projected images is recorded during data collection in
order to obtain a tomographic image of the region of in-
terest while tilting the sample. Following the refine-
ment of the center height at the recording position,
each image in the series must be tilted, centered, fo-
cused, and recorded (Turk and Baumeister 2020). The
images of the sample at different tilt angles are collect-
ed to form a tilt series, which enables 3D reconstruc-
tion.

Tilt scheme

The dose-symmetric tilt scheme begins with a zero-
degree tilt and gradually increases the tilt angle sym-
metrically in both positive and negative directions
(Hagen et al. 2017). For instance, with a 3° tilt step, im-
ages are collected in the sequence: 0°, +3°, -3°, +6°, —6°,
and so on. By capturing low tilt angle images early in
the tilt series, when the sample appears thinner, it is
possible to acquire more high-resolution information
before radiation damage accumulates. This scheme,
when combined with a phase plate, enhances the con-
trast of TEM images by modifying the phase rather than
the amplitude of the electron wave under low-dose con-
ditions (Winter and Chlanda 2021). Compared to bidi-
rectional tilt schemes, the dose-symmetric tilt scheme
avoids alignment difficulties caused by “jump-at-start”
issues (Fig.8), where cumulative dose differences
between branches make alignment challenging
(Parkhurst et al. 2024). It ensures smoother cumula-
tive electron dose distribution throughout the tilt
series, reducing deformation and allowing for higher
total electron doses at larger tilt angles. Additionally,
the larger tilt range enables the discarding of high-tilt
or late-stage images without compromising the quality
of the collected data.

Hardware

For cryo-ET, hardware innovations, including direct
electron detectors, energy filters, and phase plates,
have become critical to improving both imaging quality
and resolution. Direct electron detectors represent a
major leap forward by converting incident electrons di-
rectly into digital signals without relying on indirect
detection (Mendez et al. 2019). This technology signifi-
cantly enhances sensitivity, allowing for imaging at
lower electron doses and reducing radiation damage to
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delicate samples (McMullan et al. 2016). Recent ad-
vancements, particularly with the Apollo detector, have
pushed these capabilities even further. The Apollo’s ex-
ceptional dynamic range and faster readout speeds en-
able the simultaneous achievement of both high
throughput and high resolution, two goals that were
previously difficult to balance. This breakthrough al-
lows for the rapid capture of more data, thus en-
hancing the efficiency of cryo-ET workflows without
compromising resolution (Peng 2023). Combined with
advanced automation and preparation techniques, di-
rect electron detectors have become indispensable in
achieving subnanometer resolution (Sheng et al. 2022).

Energy filters further enhance imaging quality by
permitting only electrons that haven’t lost energy to
pass through, improving both contrast and resolution.
The Zero-Loss Filtering (ZLF) technique eliminates
inelastically scattered electrons, thereby reducing chro-
matic aberration, background noise, and radiation
damage. It helps preserve the native state of biological
samples even under low-dose conditions, allowing for
more accurate structural analysis. In parallel, phase
plates improve contrast by modulating the phase of
transmitted electrons (Ruiz Caridad et al. 2022). The
Volta phase plate (Fan et al. 2017), for example, intro-
duces a controlled phase delay to enhance contrast
while minimizing radiation damage, a crucial advance-
ment for imaging sensitive biological structures. When
paired with energy filters, phase plates enable detailed
elemental and chemical state analysis, pushing the
limits of what cryo-ET can reveal. More recently, the
Ponderomotive Phase Plate (Du and Fitzpatrick 2023),
inspired by the Zernike phase plate from light mi-
croscopy, uses laser field potential energy to manipu-
late electron phases, further improving contrast and
resolution in biological samples.

Software

While cryo-ET data collection used to be quite time-
consuming compared to SPA, automated software pro-
cesses have made it faster and easier. Software like
PACEtomo allows for the simultaneous collection of
projections from multiple positions, significantly reduc-
ing data acquisition time and increasing throughput
(Eisenstein et al. 2023). Tomo Live enables real-time
tilt-series alignment, reconstruction, and quality assess-
ment, offering immediate feedback and making it easi-
er to optimize data collection as it occurs (Comet et al.
2024). SerialEM has advanced to provide full automa-
tion of tilt-series acquisition, allowing users to set
parameters for entire data collection sessions, thus
minimizing user intervention (Schorb 2019). Legion
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has been updated to provide compatibility with a broad
range of standard TEMs, making automated cryo-ET da-
ta collection more accessible without requiring special-
ized equipment (Karimi et al. 2024).

Data processing

Recent advances in the data processing techniques of
both single-particle analysis (SPA) and tomography are
described to assist structural biologists in studying
membrane proteins.

SPA

As long as the membrane protein of interest is stabi-
lized in detergent, nanodiscs, or SMALPs, SPA process-
ing is generally similar to that of soluble protein. Steps
that are particularly critical for membrane proteins, es-
pecially for proteoliposome samples, are discussed
here.

Particle picking

To eliminate the interference caused by lipid signals,
the “signal subtraction” method was employed to facili-
tate visualization of proteins embedded in liposome
membranes (Tonggu and Wang 2018). However, this
method has several limitations: (1) the need for indi-
vidual reprocessing of all original micrographs; (2) the
requirement of liposomes to be perfect spheres; and
(3) the high precision required for each liposome’s size
fitting and signal scaling to avoid artifacts during signal

© The Author(s) 2025

subtraction. Therefore, picking membrane protein par-
ticles with their surrounding lipids has become more
mainstream. To complete this challenging task, a series
of neural network-based particle-picking pipelines
have been trained, including EMAN2 (Bell et al. 2018),
APPLE picker (Heimowitz et al. 2018), WARP (Tegunov
and Cramer 2019), SPHIRE-crYOLO (Wagner et al.
2020), Topaz (Bepler et al. 2019), CASSPER (George et
al. 2021), among others.

Topaz could be utilized for the structural analysis of
liposomal membrane proteins, yet not particularly
effective at distinguishing between proteins that were
embedded in intact vesicle membranes and those in
damaged vesicles or lipid bilayer plaques (Fu and
MacKinnon 2024). Vesicle Picker, on the other hand,
could autonomously identify vesicles in cryo-EM maps
and unsupervisedly select particles associated with
those vesicles (Karimi et al. 2024). Using the highest
quality particle images provided by the Vesicle Picker
to seed Topaz models could maximize the number of
particle images available for 3D reconstruction.

Post processing

Reconstructed 3D density maps often need to be post-
processed to compensate for the loss of contrast and
details to reveal structural information of a higher
resolution. The post-processing approaches could be
categorized into map sharpening (Rosenthal and
Henderson 2003), density modification (Terwilliger et
al. 20204, b), and refinement (Urzhumtsev et al. 2022).
The expected outcome of map sharpening was to
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enhance the representation of anticipated molecular
features at a specified resolution by improving the con-
trast of the map. The global map sharpening affected all
regions uniformly, whereas the signal-to-noise ratios of
maps typically differed from one region to another
(Rosenthal and Henderson 2003; Terwilliger et al.
2018). Consequently, global filtering may lead to exces-
sive blurring in high-resolution areas or oversharpen-
ing in low-resolution areas of the map. To address the
aforementioned issues, techniques for local sharpening
have been developed. LocalScale could locally sharpen
a map based on an existing atomic reference structure
(Jakobi et al. 2017). LocalDeblur was particularly suit-
able for membrane proteins with a high degree of flexi-
bility (Ramirez-Aportela et al. 2020). LocSpiral enabled
molecular modeling on maps with flexibility and
slightly anisotropic resolution (Kaur et al. 2021).
DeepEMhancer was based on a convolutional neural
network that facilitates the post-processing of experi-
mental maps, executing both masking and sharpening
operations in a single step (Sanchez-Garcia et al. 2021).

The fundamental principle of density modification is
to adjust experimentally obtained maps using limited
experimental data, in conjunction with established
principles such as structure factor amplitudes and
phase sets (Terwilliger 2000). These methods were
suitable for maps that had preliminary knowledge
or established structures of similar macromolecules
(Terwilliger et al. 20204, b).

Post-processing can also be achieved through refine-
ment to further optimize the atomic model. Servalcat
could visualize weak features, including hydrogen den-
sity (Yamashita et al. 2021). M40 used a powerful con-
trast transfer function (CTF) correction method and
neural network-based map noise reduction to achieve
higher resolution across multiple datasets (Tegunov et
al. 2021).

Model building

Although electron density maps with a resolution of
2-4 A cannot distinguish individual atoms, reliable
atomic models can be constructed using prior knowl-
edge of the chemical structures of proteins and nucleic
acids in the samples, including their amino acid and nu-
cleic acid sequences. Previously, building atomic mod-
els required researchers to manually operate programs
such as COOT (Emsley et al. 2010) and ISOLDE (Croll
2018). With the advancement of artificial intelligence
and machine learning, deep learning techniques for au-
tomated atomic model construction are being pro-
posed (see Table 1). These methods could help the
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identification of density maps without known se-
quences of proteins and facilitate the building of atom-
ic models from these maps.

In particular, the predictive modeling tools
AlphaFold (Jumper et al. 2021) and RoseTTAFold (Baek
et al. 2021) could predict the 3D structures of a wide
range of individual proteins and small complexes based
on their amino acid sequences. By combining SPA with
predictive modeling tools, researchers could resolve
macromolecular structures in difficult cases (Corum et
al. 2024; Sun et al. 2023; Tai et al. 2022).

Tomography

Cryo-ET is particularly well-suited for investigating
membrane proteins in situ in the context of macro-
molecular complexes and organelles, even dynamic
processes such as vesicle transport and membrane fu-
sion. Careful processing of the tilt series data is critical
to uncover useful information in a crowded and noisy
environment.

Tilt series alignment

Tilt series alignment (TSA) is a crucial step for obtain-
ing high-resolution 3D reconstructions. With the devel-
opment of high-throughput tomography data collection
techniques, there is an increasing need for highly accu-
rate and fully automated tilt series alignment. Dynamo
(Castafio-Diez 2017) and IMOD (Kremer et al. 1996;
Mastronarde and Held 2017) are popular software
packages widely used for tilt series alignment. In addi-
tion, TomoAlign integrated tools that could simultane-
ously handle beam-induced sample motion and the mi-
croscope’s CTF, which were particularly well-suited for
aligning thick samples (Fernandez and Li 2021). AreTo-
mo aligned and reconstructed markerless chromatogra-
phy images using fully automated motion correction
(Zheng et al. 2022). More recently, Markerauto?2 facili-
tated the alignment of imaging based on the alignment
of reference markers, and the software was fully auto-
mated to enhance usability for researchers (Xu et al.
2024Db).

3D reconstruction and reduction of Missing Wedge

In tomography data processing, the missing wedge
problem impacts the reconstruction of a complete 3D
volume. During tilt series collection, the inability to
rotate the sample by +90° leads to a loss of information
in Fourier space, known as a missing wedge, which
causes elongation artifacts in the reconstructed tomo-
graphic image. The most common data acquisition
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Table 1 Deep learning methods for automatic atomic model building

Methods

Year

Function

Structure Generator ( Li et al. 2020)

Cascaded CNN (Si et al. 2020)

Haruspex (Mostosi et al. 2020)

DeepTracer (Pfab et al. 2021)

EMNUSS ( He and Huang 2021)

DeepTracer ID (Chang et al. 2022)

CR-I-TASSER ( Zhang et al. 2022)

EMBuild (He et al. 2022)

ModelAngelo (Jamali et al. 2024)

DeepTracer-Refine ( Chen et al. 2024)

Cryo2Struct (Giri and Cheng 2024)

CryFold (Su et al. 2024)

2020

2020

2020

2021

2021

2022

2022

2022

2024

2024

2024

2024

A fully automated, template-free model-building method based entirely N
on neural networks.

CascadedCNN predicted secondary structure elements (SSEs), main chain v
structures, and Ca atoms, generating comprehensive prediction maps.

Haruspex could be directly applied to newly reconstructed maps to v
support domain layouts or serve as a starting point for main chain
layouts.

DeepTracer was utilized to quickly ascertain the structure of multi-chain x
protein complexes based on high-resolution cryo-EM images from the
ground up.

EMNUSS featured an innovative secondary structure annotation Vv
framework designed for medium- to high-resolution cryo-EM maps.

DeepTracer could help users identify candidate proteins in provided x
organisms without additional information by generating a model of the
protein backbone that best represented the cryo-EM profile and
subsequently searching for that model in the AlphaFold2 prediction
library.

CR-I-TASSER predicted Ca positions using deep learning, significantly v
enhancing the quality of threading templates and, consequently, the
accuracy of the final model through optimized fragment assembly
simulations.

EMBuild integrated AlphaFold structure prediction, FFT-based global v
fitting, domain-based semi-flexible refinement, and iterative graph-
based assembly, all built upon a probabilistic map of the main chain
predicted by a deep convolutional network. This advanced approach
enabled the automatic construction of multi-chain protein complexes
from medium-resolution cryo-EM maps.

ModelAngelo constructs protein atom models and nucleotide backbones v
with high precision, aiding in the identification of proteins with
unknown sequences.

DeepTracer-Refine accurately determines protein structures by aligning v/
AlphaFold predictions with the modeled structures of DeepTracer.

Cryo2Struct was a fully automated ab initio cryo-EM structure modeling v/
method that utilizes a 3D converter to identify atoms and amino acid
types in cryo-EM density maps. It employed innovative Hidden Markov
Models (HMMs) to link the predicted atoms and construct the protein
backbone structure.

CryFold had enhanced ModelAngelo by incorporating the latest v
advancements from AlphaFold2. This integration allowed for high-
speed, accurate, and automated construction of models based on cryo-
EM maps of multi-protein complexes with unknown compositions.

Open source

strategy was uniaxial tomography, in which the sample
was rotated around a single axis during imaging (Han et
al. 2017). To minimize missing data regions in tomogra-
phy, biaxial tomography was employed. This technique
reduced the areas of missing data by rotating the image
around two mutually perpendicular axes, effectively
transforming the “missing wedge” problem into a
smaller “missing pyramid”. The Etomo (Mastronarde
and Held 2017) and AuTom-dual (Winter and Chlanda
2021) tools in the IMOD and PEET software packages
could be utilized for the more challenging alignment of

© The Author(s) 2025

the two perpendicular orientations.

As uniaxial imaging of tomography remains the more
common strategy, in recent years, neural network
methods have been employed to minimize the missing
wedge. The Joint Deep Learning Model (JDLMID) filled
in the missing wedges through image restoration (Ding
et al. 2019). IsoNet was a neural network method de-
signed to reconstruct missing wedge information and to
enhance the signal-to-noise ratio (SNR) through five
steps: CTF deconvolution, mask generation, extraction,
refinement and prediction (Liu et al. 2022). The refine-
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ment step is trained on a pair of tomograms to extract
subtomograms that still contain missing wedges. IsoNet
then iteratively updated the predicted pair of subtomo-
grams to fill in the missing wedges with predicted
information using deep learning techniques. Deep-
DeWedge was a deep learning-based method designed
for denoising and reconstructing missing wedges in to-
mography, which could produce an overall sharper re-
construction with higher contrast (Wiedemann and
Heckel 2024).

In addition, several tools utilized in SPA can be em-
ployed together to aid in the 3D reconstruction of to-
mography. RELION-4.0 also performs CTF refinement
and tilt sequence refinement with M serving as an
external tool (Zivanov et al. 2022). A bi-directional in-
terface can be created between the Dynamo and the
Warp-RELIION-M pipeline, which can provide a frame-
work for ab initio and geometric approaches to multi-
particle refinement in M (Burt et al. 2021).

Model building

The resolution achieved by cryo-ET is usually insuf-
ficient for atomic model building. By utilizing STA and
classification, it is possible to amplify the signals of
particles belonging to the same type of macromolecule,
thereby obtaining much higher resolution structures
(Forster 2022). Once the tomographic density map
reaches the sub-atomic resolution, the model-building
process is similar to that of SPA.

In recent years, the STA program has rapidly evolved
toward full automation. One of the challenges of STA is
the masking and filtering of the averaged volume after
each refinement iteration. As the intracellular target
protein is surrounded by other high-density proteins
and lipids, masking in STA can significantly affect the
final resolution on the target protein. EMAN2.3 could
retain high-resolution information of the target protein
for subsequent rounds of refinement and minimize
misalignment caused by surrounding densities (Chen
etal 2019).

EmClarity is a graphics processing unit (GPU)-
accelerated image processing software that provides
functions including STA and classification for macro-
molecular complexes at high resolution (Ni et al. 2022).
EmClarity could calculate the contrast transfer function
(CTF) modulation effect, update 3D sampling functions
(3DSF), according to missing wedge information, at
every processing step, and employ a multi-scale, 3DSF-
weighted classification method to improve the tilt-
series alignment. This method was particularly
well-suited for low-temperature focused ion beam
milling of thin section recordings for tomography
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datasets.

TomoBEAR was a modular and configurable work-
flow engine designed to streamline the processing of
cryo-ET data for STA (Balyschew et al. 2023). It can be
applied to high-resolution structural analysis of mem-
brane proteins in plasma FIB-milled lamellae. RELION5
introduces a pipeline for analyzing tomography data,
ranging from importing unprocessed movies to auto-
mated atomic modeling in high-resolution STA maps
(Burt et al. 2024). While different software packages
utilize varying inputs, outputs, and file formats in the
extensive image processing tasks, TOMOMAN (TOMO-
gram MANager) stores the metadata of the tomograph-
ic image processing in a MATLAB structured format and
manages the inputs, outputs, and executions of exter-
nal packages (Khavnekar et al. 2024).

CONCLUSION AND PERSPECTIVES

Membrane proteins play crucial roles in various
biological processes and are important targets for drug
discovery. Various strategies have been developed to
extract and stabilize these proteins and their partners
for structural and functional investigations, each with
its advantages and limitations.

Nanodisc is one popular approach for membrane
protein stabilization. It offers the benefits of homogene-
ity and consistent stability, providing a platform that
mimics the biological membrane environment. Howev-
er, its technical demands, including size limitations
(8-20 nm), can restrict protein conformation and lipid
dynamics, potentially affecting the functional studies of
membrane proteins. SMA copolymers present an alter-
native strategy that outperforms traditional detergents
in terms of maintaining membrane protein stability and
applicability in drug screening. Nonetheless, this
method requires high concentrations and solubility of
membrane proteins, which may lead to phase separa-
tion and subsequent solubilization in lipids. Reconsti-
tuting membrane proteins into liposomes has also
proven effective in maintaining an intact membrane en-
vironment, thereby facilitating the study of voltage-
gated ion channels, proton-driven transporters, and
mechanosensitive ion channel proteins. However, this
approach is not suitable for membrane proteins that re-
quire stabilization in detergents with low critical mi-
celle concentrations. The in situ analysis has emerged
as a promising method for elucidating membrane pro-
tein structure under physiological conditions. This
technique, however, often relies on advanced algo-
rithms and high-performance computational hardware,
which may limit its accessibility and application.
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Despite the substantial progress that has been made
in methods for extracting membrane proteins and ana-
lyzing their structures, we believe that better models—
born from the integration of artificial intelligence
(AD)—will assist in data processing, 3D reconstruction,
and model building, thereby achieving higher resolu-
tion. Al technology automates data preprocessing, im-
age segmentation, and feature extraction, reducing
dependence on specialized personnel and extensive
manual intervention. Additionally, Al algorithms swift-
ly identify critical regions like cells, particles, or nanos-
tructures, significantly minimizing manual operation
time costs. Furthermore, through deep learning models,
Al discerns intricate microstructural features such as
crystallographic defects and nanoparticle arrangement
patterns. Since its inception, AlphaFold has captivated
the scientific community with its exceptional accuracy
in predicting static protein structures (Jumper et al.
2021). The recent update, AlphaFold3, further en-
hances its capabilities by enabling the prediction of
protein complex structures, marking significant prog-
ress in the field (Abramson et al. 2024). Nevertheless,
the results derived from AlphaFold predictions cannot
fully substitute for experimental structural determina-
tions, as the latter frequently exhibit superior accuracy
(He 2025), particularly in domains such as structure-
guided drug design (Karelina et al. 2023; Scardino et al.
2023; Wong et al. 2022), where meticulous optimiza-
tion of chemical compounds is essential. Thus, it is evi-
dent that structures determined experimentally using
methods such as cryo-EM or X-ray crystallography will
remain the gold standard for the foreseeable future.

Nonetheless, it is worth noting that Al has sig-
nificantly empowered and revolutionized the field of
structural biology, which is currently experiencing sub-
stantial growth. In recent years, there has been an ex-
plosion in the development of dynamic prediction
models for protein complexes, particularly those
membrane proteins, as these are critical receptors in
drug development. For example, a generative Al
methodcalled SurfDockhasbeendevelopedforpredicting
protein-ligand complex structures (Cao et al 2025).
This innovative model integrates various protein data
into a cohesive representation at surface nodes, poten-
tially offering new insights into predicting not only lig-
and but also lipid interactions at protein interfaces.
Moreover, a geometric deep generative model named
DynamicBind has been created for the dynamic struc-
tural prediction of complexes, providing notable advan-
tages for studying lipid-membrane protein interactions
due to the highly dynamic nature of lipids (Lu et al.
2024). Another approach, PeSTo, is a non-parametric
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geometric deep learning method that accurately pre-
dicts interfaces between proteins and various bio-
molecules, including lipids, nucleic acids, ions, and
small molecules (Krapp et al. 2023). Furthermore, a
novel method known as the AF2-mutation framework
has been experimentally validated, demonstrating that
specific mutations in SPNS2, a transmembrane lipid
transporter, induce significant conformational changes
in the protein structure, thus providing compelling evi-
dence of the potential for artificial intelligence to accu-
rately forecast the intricate dynamic alterations of
membrane protein conformations (Yuan et al. 2024).
These methods will likely function as a formidable as-
set in elucidating the intricate mechanisms underlying
the dynamic interactions between membrane proteins
and lipids.
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