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Membrane proteins play crucial roles in numerous biological processes and are important
drug targets. However, structural studies of membrane proteins often rely on solubili-
zation with detergents, which may not accurately reflect their native states in a cellular
context. Additionally, identifying suitable detergents for individual membrane proteins
can be a detailed and time-consuming process. Here, we developed a vesicle-based method
that preserves the native lipid environment for subsequent structural and functional
studies. Using the bacterial multidrug efflux transporter AcrB as an example, we isolated
AcrB-containing vesicles and determined its cryo-EM structure with all protomers in a
loose (L) state at 3.88 A by incorporating our micrograph-based sorting strategy. Notably,
compared to the L-state AcrB in liposomes and nanoparticles, the exterior transmembrane
helices (TMs) in our map exhibited superior quality, featuring a continuous and clear
representation of I, which is positioned horizontally within the lipid bilayer. We further
expanded our method by identifying endogenous membrane proteins, including F-ATPase
and respiratory complexes, in vesicles generated using mitochondria from pig hearts. The
high-resolution structure of respiratory complex III in vesicles revealed a shared subunit
nine between two monomers. Briefly, our method presents a promising and straightfor-
ward approach for studying the structure and function of membrane proteins in their
native environment, eliminating the need for detergent screening and protein purification.

membrane proteins | membrane vesicles | mitochondrial membrane vesicles |
in situ structural biology | cryo-EM

High-resolution structures provide valuable information to reveal the working mechanism
of biological macromolecules. Particularly, membrane proteins, which contribute to more
than 60% of drug targets (1, 2), play versatile physiological functions. Since the first
atomic-resolution structure of membrane protein was determined in 1985 (3), numerous
structures of membrane proteins have been captured (4). These structures not only deepen
our understanding of their molecular mechanisms but also facilitate drug development
for the treatment of related diseases. Routinely, isolation of membrane proteins from the
native cell membrane using detergents is required for subsequent structural and biochem-
ical studies (5, 6). A lot of effort has been spent to obtain well-behaved membrane proteins
by screening detergents to solubilize and stabilize the membrane proteins since each protein
behaves differently with various detergents (7-9). Although the structures determined by
using detergent-solubilized membrane proteins have advanced our understanding in the
past decades, the limitations are obvious.

Lipids, important regulators of a majority of membrane proteins (10-12), were not typically
included during detergent extraction. Thus, it is incapable of studying the lipid regulatory
mechanism using the detergent system. To obtain enough membrane protein suitable for
biochemical assays, a lot of effort has been put into detergent screening. For membrane proteins
sensitive to local environmental changes, purification may present challenges such as aggre-
gation or unfolding. However, modern mild detergents like glyco-diosgenin (GDN) and lauryl
maltose neopentyl glycol (LMNG) often mitigate these issues. Since multiple steps, including
affinity chromatography and size exclusion chromatography, are employed in the purification
of membrane proteins to ensure high purity of the target protein for subsequent experiments,
weakly interacting partners may be lost during these processes, resulting in missed opportunities
to study the interaction of the target membrane protein and its binding partners.

In the last decade, several technologies have been developed to study membrane proteins
in their native state by mimicking the lipid environment (13). These methods, including
nanodiscs (14, 15), Salipro (16), SMALPs (17), proteoliposome systems (18-20),
cell-derived membrane vesicles (21), and synaptic vesicles (22, 23). Each method provides
unique advantages for structural studies of membrane proteins under various conditions
and has significantly contributed to our understanding of biological macromolecules in
their native states. Despite their advances, limitations are present. For instance, nanodiscs
and proteoliposomes, reconstituted with detergent-purified proteins and commercial
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Significance

While detergent-based approaches
have significantly advanced our
understanding of membrane
protein structures, they present
certain limitations, including
resource-intensive detergent
screening and the absence of
native membrane lipids, which can
hinder investigations into lipid-
mediated regulation. This has
spurred the development of
near-native environment strategies
such as nanodiscs, Salipro,
styrene-maleic acid lipid particles
(SMALPs), liposomes, and cell-
derived vesicles. Here, we present
a vesicle-based method that
bypasses traditional purification,
preserving native lipids to enable
the study of membrane proteins in
their cellular environment. With
future optimization, this method
holds promise for broad
application in structural and
functional studies of membrane
proteins, providing opportunities
to capture conformations that
reflect their native states.
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lipids, often employ lipid compositions that differ from those
found in the native membrane microenvironment where target
proteins naturally reside, indicating potential for further
optimization.

In this study, we developed a vesicle-based technology to study
membrane proteins in their native membrane environment. By
bypassing detergent-based isolation and affinity purification of
target membrane proteins, this method maximally preserves the
native lipid environment and may provide cellular information
that has been lacking in previous studies. In addition, this method
also saves abundant time and cost by bypassing the tedious opti-
mization of purification, including detergent screening. It has the
potential to unravel the mechanism of physiologically important
membrane proteins in their native states.

Results

Preparation of Vesicles for Structural Studies. We chose the
multidrug efflux transporter acriflavine resistance B (AcrB), a
homotrimeric integral membrane protein (24, 25), as an example to
test the vesicle-based method. Harvested Escherichia coli cells with
AcrB overexpressed were treated with lysozyme to break the cell
walls (26, 27). In our hands, lysozyme treatment proved essential for
obtaining high-quality samples, consistently producing enhanced
contrast in negative-stain micrographs. This improvement is likely
attributable to the lysozyme-mediated removal of E. coli outer
membranes and cell walls, a mechanism consistent with prior
studies (28-30). The high-pressure homogenizer (French press)
was then used to facilitate the formation of vesicles. Unbroken cells
and soluble proteins were removed by high-speed and ultraspeed
centrifugation. The pellet was resuspended and thoroughly
homogenized using the high-pressure homogenizer, and then
fractionated by sucrose gradient centrifugation to separate protein-
containing vesicles from aggregated ones and other impurities
(Fig. 1A and SI Appendix, Fig. S1).

During vesicle preparation, we observed that the concentration
of vesicles is crucial for preparing high-quality cryosamples suitable
for cryo-electron microscopy (cryo-EM) studies. Vesicles tend to
remain on the carbon film rather than enter the holes of grids
(SI Appendix, Fig. S1D). Although continuous sucrose gradient cen-
trifugation is effective for accurately separating vesicles of varying
densities, it requires a longer processing time (typically overnight)
and, importantly, results in sample dilution in a large volume
(81 Appendix, Fig. S1A). However, high-fold concentration of vesicles
from a large volume to a small volume using Amicon Ultrafiltration
Filters necessitates prolonged centrifugation, which can easily lead
to vesicles binding to the filter membrane and subsequent aggrega-
tion into precipitates. Additionally, traditional strategies for cryogrid
preparation of low-concentration samples, such as using continuous
carbon grids or multiple loadings, were unsuccessful due to low
contrast or thick ice in the final grids.

To address this issue, we optimized the sample preparation pro-
tocol by employing a noncontinuous sucrose gradient centrifugation
approach. The quality of the vesicle samples was initially assessed
using continuous sucrose gradient centrifugation, which also
allowed us to determine that the density of the AcrB vesicles corre-
sponds to approximately 30% (w/v) sucrose solution based on the
positions of the collected fractions. For large-scale vesicle purifica-
tion, we then employed a noncontinuous gradient consisting of two
layers of 20% and 40% sucrose solutions (S Appendix, Fig. S1B).
'This approach significantly reduced processing time (typically 1 h)
and allowed for the rapid concentration of vesicle samples at the
interface of the two layers (SI Appendix, Fig. S1C). The optimized
protocol, which combines continuous and noncontinuous sucrose
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gradient approaches tailored to different needs, enables us to achieve
a higher concentration of high-quality vesicles suitable for cryosam-
ple preparation.

A clear band on sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) representing AcrB indicated success-
ful isolation of vesicles with the target protein (Fig. 1B). In com-
parison to the sample before sucrose gradient centrifugation, the
postcentrifugation sample exhibited a clearer background and
more homogeneous vesicle sizes, as checked by negative staining
EM (Fig. 1 Cand D). Additionally, the majority of the vesicles
obtained after sucrose gradient centrifugation were less than 100
nm in size, with many even below 50 nm, making them appro-
priate for cryo-EM studies (Fig. 1D).

Characterization of AcrB Vesicles in Cryo-EM Sample. The high
concentration of sucrose introduced significant background noise,
hindering high-resolution structure determination using single-
particle cryo-EM. To address this issue, the collected vesicles from
noncontinuous sucrose gradient centrifugation were diluted and
concentrated several times to reduce the sucrose concentration
to less than 1%. After buffer exchange, the vesicle samples were
directly loaded onto holey carbon grids for cryosample preparation.
The cryo-EM micrograph suggested that vesicles range in size from
20 to 200 nm, with the majority (over 50%) approximately 50
nm in size, consistent with the observations from negative staining
EM (Fig. 24).

We also investigated vesicle distribution in vitreous ice using
cryoelectron tomography (cryo-ET). Outside the grid holes, ves-
icles tended to attach to the surface of the carbon film, consistent
with our observation that most vesicles remained on the carbon
film, as shown in the low-magnification micrograph (87 Appendix,
Figs. S1D and S2). Inside the grid holes, vesicles were randomly
distributed within an ice layer approximately 120 nm thick, with
no discernible preference for the air—water interfaces (AWIs)
(SI Appendix, Fig. S2 B and C). This observation indicates that
vesicles are nonuniformly distributed in the grid, with a preference
for the carbon film. Consequently, a relatively high concentration
of vesicles is required to push them into the grid holes during
cryosample preparation.

We further reconstructed tomograms to explore the details
of vesicles inside the grid holes. Within some vesicles, features
of membrane proteins, likely AcrB, were visible, indicating a
high density of overexpressed proteins in the bacterial membrane
(81 Appendix, Fig. S2 D and E). Interestingly, two types of ves-
icles, inside-out and inside-in, were observed, distinguished by
the orientation of the inserted membrane proteins (S Appendix,
Fig. S2E). Additionally, we noted a few irregular membrane
fragments, possibly derived from damaged vesicles or bacterial
cells during the cryosample preparation (S/ Appendix, Fig. S2C).

Both cryo-EM and cryo-ET results suggest that vesicles in grid
holes are freely distributed within the vitreous ice, exhibiting
favorable behavior and being minimally damaged by the AWTs.
This indicates their potential as a promising method for perform-
ing structural studies of membrane proteins without the need for
purification.

The Micrograph-Based Sorting Approach Enabled High-Resolution
Structure Determination of AcrB in Vesicles. Compared to
traditionally purified samples, it is more difficult to identify
individual protein particles embedded in the vesicle membrane in
the cryo-EM micrographs of AcrB in vesicles due to the strong
background signals from the vesicle membrane, as previously noted
(31, 32). To achieve high resolution, we employed various strategies
in a stepwise manner.
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Generation of vesicles from the E. coli cell membrane. (A) A workflow for vesicle preparation using AcrB overexpressed bacterial cells. (B) SDS-PAGE

indicates successful vesicle preparation. Lysis: cell lysate after the high-pressure homogenizer, containing various vesicles and soluble proteins. Vesicle: vesicle
sample after high-speed and ultraspeed centrifugation. The target band of AcrB (~110 kDa) is indicated with a black dashed box. (C) A representative negative
stain image of the vesicle sample without sucrose density centrifugation purification. (D) A representative negative stain image of one uniform vesicle fraction
after sucrose density centrifugation. Scale bars are indicated in the Bottom Right of the images.

The traditional data processing approaches using cryoSPARC
(33) only resulted in a medium-resolution map of around 7.5 A
for AcrB in vesicles. Many attempts to improve the resolution
were unsuccessful, probably because of the low signal-to-noise
ratio (SNR) of the particles, which hindered the effective sorting
of top-tier particles from generally good ones and limited further
3D classification and refinement (87 Appendix, Fig. S3A).

To tackle this problem, we developed a micrograph-based sort-
ing method to classify particles and enhance their quality, com-
bined with deep learning particle picking using Topaz (34, 35)
(Fig. 2C and SI Appendix, Fig. S3 A-C). Briefly, micrographs are
first grouped into three categories (high, medium, and low) based
on the number of particles that contributed to the 7.5-A cryo-EM
map mentioned above. Only micrographs containing a relatively
high number of good particles (>20) were selected as input for
training the deep learning particle picking model, aiming to

PNAS 2025 Vol.122 No.36 2423407122

improve precision and accuracy. The well-trained model was then
used to pick particles from micrographs in the high and medium
categories (around 1,068). These particles were extracted for mul-
tiple rounds of 2D classification, three-dimensional (3D) classi-
fication, and refinement to generate a cryo-EM map with improved
resolution of 6.5 A (Fig. 2C and SI Appendix, Fig, S3B).

The aligned particles used for the generation of 6.5-A map served
as a seed to guide 3D classification of good particles from those
picked by Topaz across all micrographs. Particles were further
cleaned through 2D and 3D classification, i 1mprovmg resolution to
4.5 A, which was subsequently enhanced to 4.1 A by applying
CryoSieve (36). This 4.1-A map was then used as an updated 3D
seed to repeat the process, generating a 4-A map from approximately
50,000 particles. Finally, symmetry expansion, local refinement, and
postprocessing were applied to obtain the cryo-EM structure of AcrB

in vesicles at 3.88 A (Fig. 2C and ST Appendix, Fig. S3C).
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Fig. 2. Cryo-EM structure determination of AcrB in vesicle. (A) A representative cryo-EM image of vesicles. A typical vesicle containing AcrB (green circle) is
shown in the zoom-in view. (B) Representative two-dimensional (2D) class averages with clear AcrB features. The 2D classes also indicate different membrane
curvatures. (C) The micrograph-based sorting approach used for AcrB particles picking and classification. The representative 2D classification results of every
step are shown to evaluate particle quality. (D) Side (Left) and Top (Right) views of the cryo-EM density map of AcrB (purple) in the vesicle membrane (gray). The
original curvature of the vesicle membrane is indicated by the black dashed lines. The transmembrane region of AcrB is indicated by the blue dashed lines. The
average vesicle thickness and size are labeled in the Upper Left.

We also identified AcrB particles in top and bottom views
through template-based particle picking, which is further sup-
ported by cryo-ET observations (8] Appendix, Fig. S2E). Although

4 0f 12
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the 2D averages of these particles displayed some AcrB-like fea-
tures, they lacked detail compared to the 2D projections generated

from the final reconstructed map (S Appendix, Fig. S4 A-C).
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Combining these top and bottom view particles from reasonable
2D averages did not enhance the final 3D reconstruction, likely
due to the challenges in aligning or classifying these particles
caused by significant background noise from the vesicles.
Therefore, only side-view particles were used for the final recon-
struction of AcrB in vesicles.

Furthermore, during data processing, we observed that the
membrane density with various curvatures was present in the 2D
averages. Further analysis revealed that most AcrB particles were
in inside-out vesicles, with only 4.6% belonging to inside-in ves-
icles (Fig. 2 A and Band SI Appendix, Fig. S4 D—F). Interestingly,
membrane pieces that failed to form vesicles during sample prepa-
ration contributed to 3.7% of final particles, exhibiting a flat
membrane density (S Appendix, Fig. S4 D—F). This finding is also
consistent with our observations in the previously mentioned
cryo-ET studies (SI Appendix, Fig. S2C).

The native membrane surrounding AcrB showed clear curva-
ture in the final 3D reconstruction. Through a rough measure-
ment, the average size of vesicles was around 450 A'in diameter
with an estimated membrane thickness of 37 A, consistent with
the observation from raw micrographs (Fig. 2D). The curvature
of the 120 A wide membrane transitioned nearly to a flat con-
figuration in the AcrB transmembrane region, forming a 154°
angle with the vesicle surface (Fig. 2D). This change in curvature
is highly consistent with the behavior of AcrB in liposomes,
despite the absence of a strict size control method for our
vesicles.

= 90°

<1

The micrograph-based sorting approach we present here may
enhance high-quality particle identification by providing a more
reliable picking model for Topaz. This, combined with 3D-seed
guided classification and CryoSieve, gradually improves resolution
and enables the achievement of a high-resolution structure of AcrB
in vesicles (Fig. 3 A-~Cand SI Appendix, Fig. S3 D—F and Table S1).
These results demonstrate that it is feasible to obtain high-resolution
structures of membrane proteins, such as AcrB, within the native
cell membrane by generating vesicles.

Structural Analysis of AcrB in Vesicles. The molecular mechanism
of AcrB has been extensively studied. To successfully transport
its substrate, AcrB undergoes three major conformational states,
which include the loose (L), tight (T), and open (O) states
(37). The functional AcrB complex exists in the LTO state as an
asymmetric trimer to transport cargo, with each monomer cycling
through the three conformations (25). Theoretically, the apo AcrB
trimer, without binders, strictly followed the C3 symmetry with
all protomers in L states, as shown in the first crystal structure of
AcrB, as well as the cryo-EM structure of apo AcrB reconstituted
in liposomes (19, 38). Interestingly, the cryo-EM structure of AcrB
extracted with SMA from the bacterial membrane was captured
in the asymmetric LTO state (39). Furthermore, the structures of
apo AcrB crystalized under different buffer conditions were also
reported in the asymmetric LTO state previously (40) (Fig. 3D).
Structural evidence and long-term studies of AcrB’s functional
models suggest that purified apo AcrB may be dynamic and
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Fig. 3. Structural analysis of AcrB in vesicles. (A) The cryo-EM density map of AcrB in vesicles shown from two different views. (B) Local resolution estimation of
AcrB. (C) Superimposition of the cryo-EM density map of AcrB in vesicles with the model in the LLL state (PDB: 1IWG). (D) Structures and models of representative
AcrB in different functional states. (E-G) Superimposition of AcrB structures (PDB: 2DHH) in L (blue), T (yellow), and O (magenta) states with cryo-EM density map
of AcrB in vesicles. The positions of these three regions are indicated in (A) accordingly. (H) Comparison of AcrB maps obtained in vesicles (purple, this study),
liposomes (cyan, EMD-22050), and SMALP (brown, EMD-7074). Regions showing differences in protein and lipid are labeled with black boxes and red boxes. (/)
The molecular lipophilicity potential map of AcrB (PDB: 1IWG) merged with the lipid density from the cryo-EM map of AcrB in vesicles.
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flexible. This flexibility may contribute to the lower resolution and
the various conformations observed in the structural results of apo
AcrB compared to ligand-bound AcrB. Protein—lipid interactions
may be a critical factor influencing the stability of AcrB proteins,
although scientists still know little about these interactions,
particularly in the native membrane environment (41).

To determine whether AcrB in vesicles exhibits distinctive prop-
erties, we conducted a structural analysis and compared it with
other available structures of AcrB determined under different
conditions. The local resolution analysis revealed no significant
resolution differences across the various regions of AcrB (Fig. 3B).
The majority of the regions, including the funnel domain and
porter domain on the periplasmic side, as well as several exterior
TMs, displayed higher resolutions ranging from 3.0 A to 3.6 A,
while the periplasmic halves of the two interior TMs (TM5 and
TMO6) exhibited a relatively lower resolution of approximately 4
A (Fig. 3B). These observations are consistent with a previous
study (19), probably due to the dynamic nature of the interior
TMs of AcrB in the L state. Additionally, the exterior TMs may
be stabilized by the lipid molecules they face, a phenomenon also
observed in other membrane proteins, such as TRPV1 reconsti-
tuted in nanodiscs (42). Notably, compared to the cryo-EM den-
sity maps of L-state AcrB in liposomes and nanoparticles, our
cryo-EM density map of the exterior TMs exhibited better quality,
featuring a continuous and high-quality representation of la (43).
The lo helix (G511-S537), which connects TM6 and TM7, is
positioned horizontally close to the inner membrane. Intriguingly,
in our cryo-EM density map, this lot helix is buried in the lipid
bilayer (S Appendix, Fig. S5 A and B). These interesting observa-
tions suggest that our gentle preparation method for the vesicles,
which avoids the use of additional chemicals and extra purification
steps, may help preserve the native membrane environment and
stabilize the AcrB transmembrane region through protein—lipid
interactions.

To identify the states of AcrB in vesicles, we applied both C3
and C1 symmetry in the final local refinement for our analyses.
‘The comparison of the cryo-EM maps generated with C1 and C3
symmetry showed insignificant conformational changes
(81 Appendix, Fig. S5C). By docking the AcrB monomer atomic
models in the L, T, and O states into our cryo-EM maps, we
identified three major regions with helix shifts consistent with the
conformational changes. Notably, AcrB in vesicles aligned better
with the L state than with the other two states across all three
regions (Fig. 3 Cand E-G and SI Appendix, Fig. S5C). Our struc-
tural analyses indicate that the overexpressed AcrB in vesicles
adopts an LLL state, which is highly consistent with the structure
obtained from liposomes, while differing from the structure
obtained using the SMA extraction method (Fig. 3H).

Although the majority of membrane signals were averaged out
during focused refinement of the protein region, particularly with
C3 symmetry applied, our map revealed additional densities near
the membrane surface (Fig. 3H and SI Appendix, Fig. S2D).
Molecular lipophilicity potential analysis indicated that these den-
sities likely correspond to the hydrophilic heads of lipids from the
bacterial membrane, located on the hydrophilic region of the
transmembrane helices of AcrB (Fig. 3/). We further compared
the densities of nonprotein regions in the final map of ActB in
vesicles with the maps of AcrB obtained from liposomes and nan-
oparticles (Fig. 3H). Intriguingly, the extra densities were unique
to our results. We also observed lipid densities in the center of the
AcrB C1 map, which were significantly weakened in the C3 map,
suggesting that the membrane interior of the trimer may be more
fluid rather than tightly bound to the protein (SI Appendix,
Fig. S5D).

https://doi.org/10.1073/pnas.2423407122

These structural analyses further demonstrate that our
vesicle-based method can be used to explore the structural details
of membrane proteins in their native lipid environment without
introducing artifacts. Additionally, the extra lipid densities unique
to our map of AcrB in vesicles may be related to its functional
properties.

Structure of Respiratory Complexes in Vesicles. To evaluate
whether our vesicle-based method could be applied to endogenous
membrane proteins and other systems, we purified mitochondria
from pig hearts and generated vesicles following a similar protocol.
In contrast to vesicles derived from bacterial cell membranes,
mitochondrial membrane vesicles exhibited a more irregular and
less smooth surface, likely due to their higher membrane protein
density and protein-driven membrane curvature changes. Despite
some size heterogeneity and minor aggregates from protein
denaturation, the samples remained viable for cryo-EM studies
(Fig. 4A).

To comprehensively explore mitochondrial resident proteins,
we randomly picked particles from vesicle membranes without
template bias. Iterative 2D classification of these particles yielded
several classes exhibiting distinct features of mitochondrial mem-
brane proteins, including F-type adenosine triphosphate (ATP)
synthase (F-ATPase, also known as respiratory complex V) and
respiratory complex III (CIII) (Fig. 4 B—E). We then trained deep
learning particle-picking models using the micrograph-based sort-
ing approach to specifically enrich for F-ATPase and CIII, respec-
tively (Fig. 4 Cand D and SI Appendix, Fig. S6A).

The characteristic structural features of F-ATPase, including
the stalk, catalytic hexamer, and transmembrane FO region, were
clearly resolved in 2D averages (Fig. 4 Band D). Notably, the stalk
induced membrane bending at a specific angle, consistent with
previous reports (44). Dimeric F-ATPases are well documented
on inner mitochondrial membranes, although their assembly
mechanism and physiological significance in mammalian cells are
debated (44—46). Previous studies have also demonstrated that
detergent-purified F-ATPase from algae and yeast retains dimeric
configurations in liposomes, distorting the membrane and form-
ing rows (46). While several 2D class averages displayed faint
paired ATPase signals, these were ultimately attributed to nonspe-
cific particle crowding through trace-back analysis of raw particle
images, with no observed instances of native oligomeric arrange-
ments (stalk-to-stalk binding) (Fig. 4 A and D). Intriguingly, the
F-ATPase in our vesicle samples predominantly appeared in mon-
omeric form with no detectable native dimer features, which may
be related to the changes in membrane structure and physiological
environment during vesicle preparations (Fig. 4D). Although 2D
averages revealed clear structural features, 3D reconstruction of
F-ATPase achieved only medium resolution, comparable to a
recent study (47), likely reflecting the intrinsic dynamics of
this complex.

In contrast, we successfully identified CIII in vesicles and deter-
mined its structure at 3 A (Fig. 4 F and G and SI Appendix,
Fig. S6). Notably, while most structural studies of respiratory
chain complexes typically target entire supercomplexes for particle
selection (48, 49), our approach initially isolated CIII particles,
likely facilitated by its high abundance. Topaz training, together
with our micrograph-based sorting approach, enabled remarkable
specificity in particle picking to further enrich CIII particles for
3D reconstruction (Fig. 4C and SI Appendix, Fig. S6 A and B).
Subsequent expansion of the box size allowed for the identification
of particles from complexes I (CI) and IV (CIV), as clearly visu-
alized in 2D class averages (Fig. 4B). Moreover, 3D classification
revealed that only ~35% of CIII participated in supercomplex
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Fig. 4. Cryo-EM structure determination of endogenous mitochondrial membrane proteins using vesicles. (A) A representative cryo-EM image of vesicles. CllI
and F-ATPase are labeled with green and black circles, respectively. (B) Representative 2D average images of the respiratory supercomplex and F-ATPase showing
clear details of complex components. (C) Representative 2D classification results of Clll in different box sizes (Top) and states (Bottom). (D and E) Representative
2D classification results of F-ATPase (D) and unknown proteins (E). The partial 2D classes showing weak features from the F-ATPase adjacent are labeled with
black circles. (F) Side view of cryo-EM density map of CllI (cyan) in the vesicle membrane (gray). The atomic model (PDB: 8UGK, red) from the native pig heart
mitochondria is superimposed into the map. (G) Local resolution estimation of ClIl in vesicles.

formation, with the majority (65%) existing as independent par-  free CIII particles exhibit varying fractions depending on the
ticles (Fig. 4C). This phenomenon has been previously observed detergent used (50). Furthermore, the proportion of free CIII in
in detergent-purified respiratory supercomplex samples, although ~ vesicles matches that observed via BN-PAGE for human CIII
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(50 to 60%) purified using digitonin, a relatively mild detergent
(51). This finding may partially demonstrate the ability of vesicles
to maintain the complex organization of native mitochondria and
could be further used to study the organizational plasticity of
respiratory chain components in mitochondrial membrane envi-
ronments. Notably, it remains unclear whether these observations
reflect the situation in native mitochondria, as the vesicle prepa-
ration process may lead to the disassembly of weakly interacting
supercomplexes.

The high-resolution cryo-EM map of CIII in vesicles clearly
resolved side-chain features and bound ligands (Fig. 4 F and G
and S/ Appendix, Fig. S6E). The transmembrane region, approx-
imately 45 A, closely matched previously reported structures from
native pig heart mitochondria (49) (Fig. 4F). However, we
observed pronounced heterogeneity in subunit 9, known to medi-
ate intercomplex interactions. Our structure reveals a continuous
density bridge connecting monomers across the symmetry axis
(SI Appendix, Fig. S7A), resembling the configuration observed
in detergent-isolated mouse heart CIII. This configuration shows
two CIII monomers sharing a single subunit 9 (48, 52) rather
than the independent subunit 9 arrangement reported for native
pig heart mitochondria (49) (SI Appendix, Fig. S7A).

Similar to the observations in AcrB, we detected numerous
lipid-like densities surrounding the transmembrane region of CIII
(SI Appendix, Fig. S7B). However, the weak density intensities
precluded definitive lipid identification, suggesting relatively low
specific protein-lipid interactions. This finding aligns with pre-
vious studies demonstrating that cardiolipin bound to yeast CIII
can be functionally replaced with non-native phosphatidylglyc-
erol (52). Within the transmembrane region, we identified sub-
stantial nonprotein density (S Appendix, Fig. S7B). While some
features corresponded to known cofactors and ligands, such as
heme, many densities remain unassigned and warrant further
investigation. These observations highlight that, despite the avail-
ability of numerous high-resolution structures of respiratory
chain complexes, significant opportunities remain to elucidate
their structural and functional details through alternative
approaches. The inherent complexity and dynamic nature of these
multisubunit complexes, along with their diverse array of bound
ligands, continue to present important challenges for structural
characterization.

Discussion

Here, we report a method to study the native structure of mem-
brane proteins using vesicles, which maximally retain their orig-
inal lipid environment. Using this approach, we determined the
structure of AcrB in vesicles, which revealed a symmetric trimer
in the LLL state. Compared to previously determined structures
of AcrB in detergent (38) and nanoparticles (39), AcrB in vesicles
exhibits distinct features in the exterior TMs and the lo helix
bridging TM6 and TM7, probably attributed to the native lipids
retained in the vesicles. We further optimized this method for
mitochondria isolated from pig heart tissue, enabling the iden-
tification of endogenous membrane proteins and high-resolution
structure determination of mitochondrial CIII. Our structural
analyses demonstrate that CIII particles in vesicles either partic-
ipate in supercomplex formation or exist independently. While
conventional approaches to study structures of mitochondrial
membrane proteins rely on detergent extraction and purification,
and direct in situ cryo-EM of intact mitochondria faces chal-
lenges from organelle size, our vesicle-based method enables
efficient, native-state structural determination of endogenous
membrane proteins. This approach eliminates the need for
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complex purification while maintaining membrane integrity,
providing a practical bridge between biochemical isolation and
cellular context.

To determine the high-resolution structures of membrane
proteins in vesicles, we combined different strategies and devel-
oped a micrograph-based sorting approach to accurately target
and isolate high-quality particles for final 3D reconstruction.
We successfully applied this strategy to native mitochondrial
membranes containing highly heterogeneous protein popula-
tions. Despite the dense packing of proteins and complex organ-
ization of mitochondrial membranes, our targeted approach
achieved remarkable specificity. Using Topaz models trained
specifically on ATP synthase and CIII, which constitute approx-
imately 24.6% and 8.7% (mass fraction) of inner membrane
proteins, respectively, we selectively identified particles under
native conditions (53). Notably, 2D class averages confirmed
precise centering at template-defined positions, with a complete
absence of features from other respiratory complexes. This per-
formance demonstrates the robustness of our pipeline for endog-
enous membrane proteins at high-to-medium abundance levels,
overcoming interference from the crowded membrane environ-
ment. This approach can also be applied to other cases where
target proteins are obscured by strong background noise, such
as in vesicles, proteoliposomes, and native biological membranes.
‘The micrograph-based sorting method is also suitable for micro-
graph and particle classification from cryogrids with nonuniform
particle distributions in quantity or quality. Notably, while we
can identify some AcrB particles in top and bottom views, the
2D averages do not appear promising compared to the side-view
particles, likely due to the severe background noise caused by
the two layers of the vesicle membrane. However, we successfully
achieved final 3D reconstructions at near-atomic resolution
without orientation problems, using only the side-view particles
from various angles.

All targeted proteins validated using the vesicle-based method-
ology exceeded 200 kDa in size, significantly facilitated data pro-
cessing, particularly in particle picking, classification, and the early
stages of 3D reconstruction. To assess the size limitations of our
method, we performed symmetry expansion and subtraction on
AcrB. As expected, reducing size from trimeric to monomeric AcrB
led to a resolution drop when using the same number of particles
(SI Appendix, Fig. S8 A and B). Increasing the particle count par-
tially compensated for the resolution loss in monomeric AcrB
(SI Appendix, Fig. S8A). We further divided AcrB into transmem-
brane and soluble regions, both of which exhibited similar behavior
to monomeric and dimeric ActB (87 Appendix, Fig. S8 A and C).
Notably, for subtracted particles, we relied on coordinate informa-
tion and performed only local refinement. These observations indi-
cate that vesicle-embedded particles align and reconstruct
comparably to detergent-solubilized samples in terms of protein
size, with resolution improvement achieved through particle pop-
ulation scaling, as shown in previous studies (54, 55). In addition,
ResLog analysis revealed no significant differences in the low-
resolution region (>4.5 A) (s1 Appendix, Fig. S84). We hypothesize
that membrane signals from the vesicles likely contribute to and
may even predominantly drive, particle alignment at low resolu-
tions, resulting in consistent alignment efficiency across particles
of varying sizes. This hypothesis is supported by previous work
showing that membrane-derived angular information, through
correlated Euler angles between liposome membranes and embed-
ded proteins, enables successful alignment of small protein particles,
a task particularly challenging for detergent-solubilized samples
(56, 57). However, in the high-resolution region, smaller particles
clearly require substantially more particles to achieve comparable
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reconstruction quality. This particle quantity requirement escalates
further with increasing resolution and decreasing molecular weight.
While our methodology enables structural studies of endogenous
membrane proteins in native membrane environments, successful
implementation depends strongly on both target abundance and
particle size. To broaden the applicability of this method, the devel-
opment of more sophisticated computational approaches will be
essential. Size-augmentation strategies (58) used in conventional
single-particle analysis could theoretically be adapted for
vesicle-embedded targets, though practical implementation presents
significant challenges. Looking ahead, we anticipate that integrating
advanced deep learning architectures with 3D  structural
prediction-guided algorithms will dramatically improve the iden-
tification and structural determination of challenging targets, par-
ticularly for small, low-abundance membrane proteins within
complex native membranes.

In the data processing, we noted that the average number of
contributing particles of AcrB from each micrograph is quite
low compared to purified samples. Although collecting a huge
dataset could be helpful, a more efficient strategy is to enrich
vesicles containing the target protein in the cryogrids for
single-particle cryo-EM data collection. This can be achieved
by adding additional protein binding partners during vesicle
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preparation, such as specific Fabs of target proteins, or during
cryosample preparation, such as affinity grids mentioned below
(Fig. 5A). Currently, the cryo-EM sample preparation of vesicles
containing AcrB does not require affinity tags, which is valuable
for studying endogenous membrane proteins without modifi-
cations to their protein sequences, as demonstrated with CIII
from mitochondria. Notably, adding an affinity tag may affect
the expression of certain membrane proteins. Further optimi-
zation of this method would expand its application in structural
and biochemical studies of membrane proteins without the use
of detergents.

For a long time, structural studies of integral membrane pro-
teins heavily relied on their solubilization by detergents.
Undoubtedly, these structures have advanced our understanding
of the working mechanism of the target membrane proteins. To
investigate the influence of the lipid environment on membrane
proteins, many strategies, including nanodiscs, have been devel-
oped to mimic the native lipid context. In this study, we move
forward by introducing a vesicle-based method to facilitate
structure determination of membrane proteins in their native
membrane environment. With further optimization, this
method could be widely used to capture the native state of target
membrane proteins and may provide important findings.
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channel) by preparing vesicles of different sizes.

https://doi.org/10.1073/pnas.2423407122 9 of 12



Downloaded from https://www.pnas.org by "UNIVERSITY OF ALBERTA LIBRARY, AQUISITIONS/GENERAL COLL SVCS' on September 9, 2025 from IP address 129.128.216.34.

10 of 12

A previous study reported a similar approach by determining
the structure of human Slol, a calcium-activated potassium
channel, in vesicles derived from the total cell membrane or
plasma membrane of HKE293 GnTT cells, where Slol was
overexpressed (21). Our method, using various membrane-derived
vesicles, is a supplement for structure determination of mem-
brane proteins overexpressed in bacteria. We also tested the
applicability of our method in mammalian cells, a better recom-
binant expression system for eukaryotic membrane proteins. We
overexpressed TRPV2 in HEK293s GnTT  cells and prepared
vesicles following a similar protocol (S Appendix, Fig. S9A).
Although we achieved specific picking and 3D classification of
TRPV2 particles, we only obtained a medium-resolution struc-
ture (SI Appendix, Fig. S9 B and C). Subsequent work will focus
on improving the resolution of TRPV2 in vesicles and expand-
ing the application of this method in mammalian expression
systems by testing other membrane proteins. Notably, our
method does not rely on affinity tags for vesicle preparation,
allowing for the study of endogenous membrane proteins in
their native cellular context, as demonstrated in mitochondria
resident membrane proteins. This is particularly significant, as
affinity tags can sometimes interfere with the expression and
folding of target membrane proteins.

Compared to methods, like nanodiscs, the vesicle-based
method provides a relatively closed system. Additionally, the
protein orientation in the vesicle membrane can be changed to
be similar or opposite to its native orientation. In the vesicle
preparation, the buffer condition inside or outside could be
altered as needed, which would provide an opportunity to study
target protein under various cellular stimuli (e.g., pH or differ-
ent ion concentrations). For example, the conformations of
some lysosome proteins are directly regulated by pH (59, 60).
Our method could provide a strategy to study the pH-mediated
conformational changes of such proteins (Fig. 5B). In contrast
to the proteoliposome system, the vesicle-based method pro-
vides a membrane environment that is more similar to the cell
membrane environment in which the target membrane proteins
naturally exist. The native lipid composition may stabilize pro-
tein in a physiologically relevant state and enable us to study
the regulatory mechanism of the target membrane protein by
some lipids.

Cryo-ET has emerged as a powerful technique for in situ
structural studies of proteins and protein complexes in their
native states (61-63). By combining cryo-focused ion beam mill-
ing with subtomogram averaging, this approach has demon-
strated the potential to achieve near-atomic resolution (64, 65).
However, cellular complexity and persistent technical challenges
in preparing high-quality samples have hindered routine
high-resolution structural determination using this approach.
Our vesicle-based method overcomes these limitations by pro-
viding membrane protein samples ideally sized for single-particle
analysis, while maintaining native membrane environments. This
approach serves as a valuable alternative for high-resolution
in situ structural studies of membrane proteins across diverse
biological membranes.

The size of the vesicles could be adjusted during preparation.
Larger vesicles have a relatively flattened membrane surrounding
the target proteins, while smaller vesicles will cause the mem-
brane surrounding target proteins to bend sharply, generating
different membrane forces (Fig. 5C). Previous studies have sug-
gested that the transduction of mechanical forces through
mechanical sensor proteins is mediated by membrane bending
(66). The vesicle-based method can be used to study how
mechanical sensor proteins respond to forces of varying
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magnitudes generated by membrane bending. Furthermore,
water and ion channels can be coexpressed with target proteins
for vesicle generation, and the activation of these channels can
create different osmotic pressure or ion strength prior to cryo-
sample freezing to capture various states of the target membrane
protein under various conditions (Fig. 5C).

In combination with affinity grids based on graphene (67) or
graphene oxide (68, 69), our method provides a unique approach
to the structural determination of membrane proteins in their
native environment without detergent solubilization (Fig. 5A4).
Using this approach, vesicles containing target proteins can be
enriched on grids for cryo-EM imaging and data collection. The
purification process and sample preparation will be dramatically
simplified, with improved efficiency, enabling the capture of weak
binding partners and the study of the interaction network of the
target membrane proteins.

Materials and Methods

Generation and Purification of Vesicles. Full-length AcrB with N-terminal His
tag was overexpressed in E. coli BL21(DE3) strain by adding 0.5 mM isopropyl-
B3-D-thiogalactoside (IPTG) for 16 h at 20 °C when the 0D, reached 0.8. The
cells were harvested and resuspended in lysis buffers containing 25 mMTris-HCl
(pH 7.5), 150 mM NaCl, and 2 mM MgCl,. After 2 h incubation with lysozyme
(5 pg/mL) at 4 °C, the cells were disrupted using a high-pressure homogenizer
(French press) at 800 bar for three cycles. The cell pellet was removed by centrif-
ugation at 6,000 g for 30 min. Vesicles were collected by ultracentrifugation at
100,000 g for 30 min.The vesicle pellet was washed twice, resuspended in 30 mL
of buffer,homogenized using a high-pressure homogenizerat 1,200 bar for three
cycles, and filtered through a 0.42 pm Millipore membrane filter.

Density Gradient Centrifugation of the AcrB Vesicles. To further purify the
vesicles, we employed two types of sucrose density gradient centrifugation meth-
ods, considering the various experimental requirements and hardware conditions
of the labs (S/ Appendix, Fig. S1).

For the vesicle quality analysis and accurate purification, a continuous sucrose
density gradient was applied to the samples (S/ Appendix, Fig. S14). A9 mL30%
(W/V) sucrose solution in lysis buffer was added to a 10 mL ultraspeed centrif-
ugation tube and slowly freeze-thawed for three cycles between —20 °C and
4 °Cto generate a smooth sucrose density gradient from 25 to 35%(70).A 1 mL
concentrated vesicle sample was added to the top and centrifuged at 50,000 g
for 14 h. Twenty fractions were manually aspirated using a pipette, and the pro-
tein concentration and purity of each fraction were assessed using the Uv280
absorption and SDS-PAGE.

For faster purification and higher final vesicle concentration, a noncontinu-
ous sucrose density gradient was applied (S/ Appendix, Fig. S1B). A 3 mL 40%
(W/V) sucrose and a 2 mL20% sucrose in the lysis buffer were added to a 10 mL
ultraspeed centrifugation tube, and 5 mL of the vesicle sample was carefully
layered on top. The solution was centrifuged at 10,0000 g for 45 min.The vesicle
fractions, concentrated between the 20% and 40% sucrose layers (S/ Appendix,
Fig. S1C), were gently collected from the tube based on the position of the
yellow band.

For negative stain and cryo-EM grids preparation, the fractions were repeatedly
diluted with no-sucrose lysis buffer and concentrated using a 100 kD Amicon
centrifugal filter to decrease the sucrose concentration to below 1%. The final
samples were concentrated to around 2 mg/mL for cryo-EM grid preparation.

Generation and Purification of Mitochondrial Vesicles. Mitochondria were
purified from pig heart muscle cells primarily following modified classical pro-
tocols (51). Briefly, a pig heart (slaughtered 4 h prior) was washed with a buffer
containing 250 mM sucrose, 10 mM Tris-HCl (pH 7.8), and 0.2 mM EDTA. The
heart muscle was then cutinto 1to 2 cm cubes with the removal of any nonmuscle
tissues. The muscle pieces were washed and cooled to 4 °C in 450 mL of buffer
supplemented with protease inhibitors (0.3 pM Aprotinin, 0.3 pM Pepstatin,
3 uM Leupeptin) for homogenization using a blender until the lysate was free
of visible particulates with a stable pH.
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After centrifugation at 750 g for 10 min, the supernatant was subjected to
another centrifugation at 4,500 g for 35 min to collect the mitochondria. The
pellet was resuspended and centrifuged at 9,000 g for 10 min to wash the mito-
chondria.The final pellet was resuspended in 45 mL of buffer containing 25 mM
Tris-HCl and 150 mM NaCl, with the addition of 0.2 mM EDTA and protease
inhibitors (1 pM Aprotinin, 1 pM Pepstatin, 10 uM Leupeptin). The mitochondrial
vesicles were prepared using a strategy similar for the bacterial vesicle. The vesicle
samples were concentrated to approximately 2 mg/mLfor cryosample preparation
without density centrifugation.

Negative Staining. 3 pl of samples were loaded onto a glow-discharged
formvar, carbon-coated copper grid (300 mesh, Zhongjingkeyi Technology) and
incubated for 45 s. The grids were blotted with filter paper and washed with the
2% (w/v) uranyl acetate. Subsequently, the grids were negatively stained with 2%
(w/v) uranyl acetate for 45 s and dried with filter paper. The prepared grids were
observed and imaged using a Talos L120C electron microscope (Thermo Fisher
Scientific) operated at 120 kV, equipped with a 4 k x 4 k Ceta 16 M camera.
Images were captured at a magnification of 57,000, corresponding to a pixel
size of 2.49 A on the specimen, with a defocus of around —1.5 pm.

Cryo-EM Sample Preparation and Data Collection. Following negative stain-
ing results to assess sample quality, uniform purified vesicle samples with high
contrast were applied to cryogrids. Several trials indicated that the vesicles from
E. coli demonstrated a strong preference for carbon film over the holes in holey
carbon grids (S/ Appendix, Fig. S1D). Therefore, the high-concentration sample
was necessary for high-quality grid preparation.

Briefly, 3 pL of vesicle samples from the previous step were loaded to glow-
discharged Au holey carbon grids (C-flat, 300 mesh, R1.2/1.3) using a Vitrobot
Mark IV (Thermo Fisher Scientific) for 45 s at 100% humidity and 4 °C.Then, the
grids were blotted with a blot force of 0 for 3.5 s and plunge-frozen into liquid
ethane cooled by liquid nitrogen.

The cryogrids were imaged using a 300 kV Titan Krios G3i electron microscope
(Thermo Fisher Scientific) equipped with a K3 Summit direct electron detector (Gatan).
For single particle data, automatic data collection was performed using EPU with a
20-¢eV slit width of the Gatan Imaging Filter (GIF) Bio Quantum in counting mode.
Each movie contained 40 frames with a total dose of 50 e ~IR? for a 3.74-s exposure
time. The pixel size was 1.06 A. For the tomography data, automatic data collection was
performed using Tomography (Thermo Fisher Scientific). The tilt series was captured
between —60° and 60° with a 3° step under the dose-symmetry mode. The tilt movie
atevery angle contained 5 frames ata calibrated pixel size of 2.669 A/pix with a total
dose of 2.976 e /A% The defocus was setto —3 um.

Cryo-EM Single Particle Data Processing of AcrB. The main steps of data pro-
cessing were performed in cryoSPARC (33) (S/ Appendix, Fig. S3 A-C). To accurately
pick more particles from the vesicles, multiple strategies were used and combined
(S Appendiix, Fig. S3A). Finally, 91,412 particles were harvested, and one class com-
prising 31,523 particles from ab initio reconstruction was directly aligned by Local
refinement (71). This process yielded middle-resolution results for AcrB in vesicles,
achieving a structure resolution of 7.5 A. Our micrograph-based sorting method was
applied to further enrich the particles and improve the accuracy of 3D refinement
(S Appendix, Fig. S3B). We selected all micrographs containing more than 20 par-
ticles, resulting in a total of 5,554 particles and 226 micrographs for Topaz (34, 35)
training. The well-trained model was then applied to 1,068 micrographs, each with
aprevious particle count exceeding 10, yielding a 6.5-A map using 24,191 particles
after 2D and 3D classification. Finally, Topaz picked 1,560,821 particles from all
other images, from which 666,048 particles were selected for further processing.
In the final step, 3D seed-guided 3D classification separated 100,536 high-quality
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particles, pushing the resolution to 5.8 A (SI Appendix, Fig. $3C). The multiclass
ab initio reconstruction and heterogeneous refinement were employed to sort out
75,150 good particles. Local refinement, masking only the protein region, resolved
the structure at 4.53 Awith C3 symmetry. After 5 iterations of CryoSieve (36),24,537
particles remained, yielding a cryo-EM map of AcrB in vesicles at 4.1 A, achieved
through Local refinement. These particles and maps were used as seeds for another
round of 3D classification, followed by 5 iterations of CryoSieve (36). This process
generated the final cryo-EM map at 3.88 A using Local refinement with 49,252 parti-
cles.The map was postprocessed with DeepEMhancer(72) using the highRes model.
Structural comparisons and image rendering were conducted using UCSF Chimera
(73)and ChimeraX (74). Additional details can be found in S/ Appendix, Fig. S3.

Cryo-EM Single Particle Data Processing of Complex Il (Cl1I). The data process-
ing workflow for Clll closely followed the protocols used for the AcrB vesicle datasetand
was mainly performed in cryoSPARC (33) (S/ Appendix, Fig. S6 A and B).To improve
processing speed and reduce file size, a subset of 1,855 images was selected for pre-
liminary analysis (S/Appendiix, Fig. S64). The 2D projections of the vesicle membranes
served as initial templates for particle picking. After four rounds of 2D classification,
two predominant protein features emerged, identified as F-ATPase and ClII. The 2D
projections of these proteins were then employed as templates for subsequent particle
picking. Additionally, our micrograph-based sorting method was applied to facilitate
data processing by sorting out higher-quality particles. These particle datasets were
further utilized to train the Topaz model and pick more particles. The sorting and train-
ing process was repeated to obtain two well-trained Topaz models for specifically and
efficiently selecting F-ATPase and ClII from mitochondrial membrane vesicles. For ClIl,
104,570 good particles from heterogeneous refinement were selected to reconstruct
acryo-EM density map at 3.46 A using nonuniform refinement. Following CTF refine-
mentand local refinement, CryoSieve (36) was employed to further push resolution
to 3.0 A with 42,832 particles. The map was postprocessed with DeepEMhancer
(72) using the highRes model. Structural comparisons and image rendering were
conducted using UCSF Chimera (73) and ChimeraX (74).

Cryo-EM Tomography Data Processing. Motion correction was automatically
finished by Tomography (Thermo Fisher Scientific) without the dose weighting.
The tilt series were subsequently transferred into Etomo (75) of IMOD forimage
alignment and tomogram reconstruction. CTF parameters were manually esti-
mated using Ctfplotter (76, 77). The final tomograms were processed in bin 3 to
reduce the file size, and gold particles were erased to minimize signal interfer-
ence.The tomograms were then denoised using IsoNet (78) to improve contrast.
The Segmentation of EMAN2 (79, 80), a convolutional neural network based
tool, was employed to locate the membrane density of vesicles in the denoised
tomograms and generate 3D volumes of vesicle distribution. The image rendering
was conducted using 3dmod of IMOD and UCSF ChimeraX.

Data, Materials, and Software Availability. Cryo-EM density maps of AcrB and
respiratory complex 1l in vesicles have been deposited in the Electron Microscopy
Data Bank with accession no. EMD-62301 and EMD-63981(81, 82), respectively.
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