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Abstract
Electron microscopy has played a pivotal role in elucidating the ultrastructure of membrane contact sites between cellular

organelles. The advent of cryo-electron microscopy has ushered in the ability to determine atomic models of constituent pro-

teins or protein complexes within sites of membrane contact through single particle analysis. Furthermore, it enables the

visualization of the three-dimensional architecture of membrane contact sites, encompassing numerous copies of proteins,

whether in vitro reconstituted or directly observed in situ using cryo-electron tomography. Nevertheless, there exists a scar-

city of cryo-electron microscopy studies focused on the site of membrane contact and their constitutive proteins. This review

provides an overview of the contributions made by cryo-electron microscopy to our understanding of membrane contact

sites, outlines the associated limitations, and explores prospects in this field.
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Introduction
Membrane contact sites (MCS) are cellular regions where
two organelles come into proximity, facilitated by specific
proteins that not only create a physical connection but also
serve distinct functions like lipid transport, calcium signal-
ing, or organelle inheritance. These MCS are found
between the endoplasmic reticulum (ER) and various orga-
nelles, as well as between different organelles other than
the ER. They exhibit diversity in their shapes, compositions,
and dynamics, with intermembrane gaps spanning from 10 to
45 nm across, up to several hundreds of nanometers. The dur-
ation of MCS existence varies, typically lasting from seconds
to a few hours (Eisenberg-Bord et al., 2016; Scorrano et al.,
2019).

Proteins found within MCS can exist as single polypep-
tide chains or as complexes comprising multiple proteins.
These proteins may be monomeric, multimeric, or hetero-
meric in nature. They typically possess specific domains
that bind to membranes of organelles, or they may feature
transmembrane domains. While atomic models of certain
subdomains within these proteins, such as lipid translocating
domains or membrane binding domains, have been estab-
lished through X-ray crystallography, comprehensive
atomic models of complete MCS proteins, whether on its
own or associated with membranes, remain absent.

In the study of MCS, electron microscopy (EM) has
played and continues to play a crucial role. This imaging
technique, capable of capturing images containing informa-
tion from the atomic to microns scale, aligns well with the
dimensions of MCS. The discovery and initial imaging of
MCS date back to 1956 (Bernhard and Rouiller, 1956).
Subsequently, advancements in technology have greatly
benefited the investigation of MCS. These include the use
of chemical agents for sample fixation to enable MCS visu-
alization (Mesmin et al., 2013; Venditti et al., 2019), high-
pressure freezing and freeze substitution for better preserva-
tion of organelle ultrastructure and inter-organelle spaces (Di
Mattia et al., 2018), electron tomography (ET) to achieve
three-dimensional (3D) visualization of MCS (Daniele
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et al., 2014; Hoffmann et al., 2021), the identification of
MCS components through immunolabeling techniques
(Daniele et al., 2014; Guyard et al., 2022), and more recently,
the adoption of correlative-light EM (CLEM) approaches for
imaging MCS at different scales (Ganeva and Kukulski,
2020).

Unlike traditional EM, cryo-EM captures samples in vitri-
fied ice at cryogenic temperatures with physiological solu-
tions, preserving biological structures without fixation. This
technique enables near-atomic resolution visualization of
molecular structures in their natural states and surroundings.
Key developments, including the introduction of direct elec-
tron detectors, other hardware improvements, more robust
sample preparation methods, and powerful computational
methods for processing cryo-EM data, have collectively
revolutionized cryo-EM resolution (Saibil, 2022). This revo-
lution now makes it feasible to determine the structures of
proteins that were once nearly impossible to resolve, such
as membrane proteins, which are notoriously challenging to
crystallize. Additionally, cryo-EM enables the characteriza-
tion of the 3D architectures of protein assemblies on mem-
branes, both in vitro (e.g., ESCRTIII, COPII, and COPI
complexes) (Bertin et al., 2020; Hutchings et al., 2021;
Kovtun et al., 2018) and directly within their native cellular
environment (Pfeffer and Mahamid, 2018; Young and
Villa, 2023) through cryo-ET. These advancements have
opened new avenues for the observation of MCS in increas-
ing resolution and clarity.

Despite the potential of cryo-EM, its application in the
study of MCS remains relatively limited, as evidenced by
only a handful of published studies (Bieber et al., 2022;
Cai et al., 2022; Collado et al., 2019; de la Mora et al.,
2021; Fernández-Busnadiego, Saheki and De Camilli,
2015; Hoffmann et al., 2019; Li et al., 2023; 2020; Subra
et al., 2023; Valverde et al., 2019; Wang et al., 2023;
Wozny et al., 2023). In this review, we elucidate the founda-
tional principles of cryo-EM, emphasize the distinct charac-
teristics of MCS components, and delve into the fresh
insights garnered through cryo-EM-based analysis, with a
specific emphasis on MCS proteins involved in lipid trans-
port (Tables 1 and 2).

Cryo-EM-Single Particle Analysis of
Proteins
The principle of single particle analysis (SPA) for determin-
ing atomic protein models is as follows: purified proteins are
rapidly frozen in liquid ethane or an ethane-propane mixture,
resulting in vitreous ice formation that maintains the sample
in a native-like state that remains transparent to electrons.
The image processing workflow involves multiple major
steps, including the selection of two-dimensional (2D)
projections of proteins (ranging from 10,000 to several
million), classification, averaging to enhance the signal-to-noise

ratio, and computation of 3Dmodels based on these classes, fol-
lowed by model refinement. The resolution achieved largely
depends on protein size (larger proteins yield better visibility
and classification), conformational homogeneity, and the
absence of flexible domains (Table 1).

SPA’s strength lies in its ability to analyze proteins within
their physiological buffers. Advanced 3D classification tech-
niques allow for the identification of various coexisting con-
formations within a protein sample. Remarkably, SPA can
achieve resolutions as high as 1.15 Å, enabling the visualiza-
tion of water molecules and ions within structures like apo-
ferritin. For smaller proteins in the range of 50–100 kDa,
the use of nanobodies or megabodies can extend their size,
facilitating the determination of 3D atomic models by SPA
(Uchański et al., 2021), even though crystallization might
still be the more straightforward method. It is important to
note that 3D models can be constructed at varying resolu-
tions, with higher resolutions for structured regions and
lower resolutions for more flexible protein regions.
However, highly flexible regions present challenges in struc-
tural characterization using SPA, necessitating supplemen-
tary data from techniques such as magnetic resonance and
scattering techniques, single-molecule fluorescence, and
molecular dynamics for a comprehensive interpretation (Yu
et al., 2023).

Structure Determination of MCS Proteins by Single
Particle Analysis: VPS13 and ATG2
SPA has been applied to gain structural insights into VPS13
and proteins involved in the formation of autophagosomes,
the Autophagy related (ATG) proteins like ATG2
(Table 2). VPS13 proteins (A-D) are notably large, ranging
from 300–500 kDa. They play pivotal roles in lipid transport
between the ER and various membranes, including those of
mitochondria, the endo/lysosomal system, or lipid droplets.
VPS13 comprises an N-terminus chorein domain, an FFAT
motif for binding Vesicle-Associated Membrane
Protein-Associated Protein (VAP), and an ER-embedded
protein. Furthermore, it encompasses C-terminal adaptor
domains, as well as a VAB domain and a pleckstrin hom-
ology (PH) domain that facilitate specific binding to the
membranes of opposing organelles (Adlakha et al., 2022).

The structure of the N-terminal 1-1390 fragment of
C. thermophilum’s VPS13 was elucidated by means of
SPA at a resolution of 3.75 Å (Li et al., 2020). This structure,
approximately 160 Å in length and primarily composed of β
strands, takes on an open-ended basket-like appearance.
However, due to limited resolution, constructing an atomic
model from this data required additional complementary
experiments for proper interpretation. Fortunately, an
atomic crystallographic structure of the 1-335 fragment is
available, and it reveals a scoop-shaped configuration with
a concave surface lined by hydrophobic residues. When
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fitting this fragment into the 1-1390 EM map, it became
evident that the hydrophobic residues of 1-335 were oriented
towards the interior of the 1-1390 fragment. Given that the
1-1390 β strands alternate between hydrophilic and hydro-
phobic residues, this fitting implies that the hydrophobic
groove extends along the entire length of the long fragment.
Furthermore, investigations into a 1-1350 fragment of
VPS13A from S. cerevisiae demonstrated its copurification
with 10 lipid-bound molecules and its ability to facilitate
lipid transfer between vesicles in the in vitro assays.

Biogenesis of autophagosomes, double-membrane vesi-
cles formed for nutrient recycling through organelle and
macromolecule degradation, involves several proteins from
the ATG family. Wang et al. present high-resolution cryo-
EM structures of ATG2A-WIPI4 and ATG9A-ATG2A-
WIPI4 complexes at 3.23 Å and 7 Å, respectively (Wang
et al., 2023). ATG2A is constituted by a hydrophobic cavity
that may facilitate rapid lipid transfer and a flexible
N-terminal domain, involved in the extraction and transfer
of lipids for phagophore expansion. Cryo-ET of ATG9-
ATG2A-WIPI4 complex between two apposed vesicles
revealed variable orientation of ATG2A. A proposed model
of lipids transferred from ATG9A containing vesicle to phago-
phore is proposed where the scramblase function of ATG9
potentially drives unidirectional lipid transfer. VPS13 and
ATG2 have been visualized through in situ cryo-ET of ER/
endo/lysosome (Cai et al., 2022) and ER-autophagosome
(Bieber et al., 2022) MCSs, respectively.

SPA is a valuable approach for uncovering the 3D struc-
ture of MCS proteins; however, it necessitates considerations
tailored to the peculiarities of MCS proteins:

i. Knowledge gaps exist concerning the expression, puri-
fication, and functional analysis of these proteins,
which are prerequisites for achieving optimal cryo-EM
grid preparation in SPA. While functional subdomains
of proteins have undergone extensive investigation,
only a few MCS proteins, including the oxysterol-
binding protein (OSBP), VAP-A, ATG2, extended-
synaptotagmin proteins and tricalbins, have undergone
successful purification and functional characterization.
The expression of large MCS proteins like VPS13 or
those with multi-span transmembrane domains, such
as PTPIP51 or START3, may present challenges when
attempting to express them in E coli. Moreover, many
MCS proteins form complex assemblies, such as
VAPs with their partner proteins and the four-protein
ERMES complex. MCS proteins can also exist as het-
erodimers, as suggested for tricalbins and extended-
synaptotagmin (Fernández-Busnadiego et al., 2015;
Hoffmann et al., 2019). Consequently, the purification
of multiple proteins and the identification of conditions
that facilitate stable complex formation are required.
Fortunately, various tools in molecular biology and
membrane biochemistry, including human cell

expression, cell-free expression, and the use of polycis-
tronic plasmids, have become accessible for purifying a
wider array of MCS proteins (Kaipa et al., 2023; Sari
et al., 2016). Furthermore, SPA demands substantially
smaller protein quantities than X-ray crystallography,
allowing for the analysis of even partially purified
proteins.

ii. MCS proteins frequently incorporate predicted disor-
dered domains, which introduce heightened conform-
ational variability to these proteins. This variability
poses challenges when aligning and averaging protein
images, ultimately diminishing the local resolution of
3D models. Intriguingly, these disordered domains
often play vital roles in the proteins’ functionality. For
example, numerous OSBP-related proteins feature a
predicted intrinsically disordered N-terminal domain,
which facilitates their diffusion to the organelle
surface (Jamecna et al., 2019). Similarly, VAP-A
includes two flexible domains, spanning 32 and 24
amino acids, flanking its coiled-coil domain. These flex-
ible domains are essential for tailoring VAP-A’s geom-
etry to the organization of MCS and meeting the
temporal constraints of complexes (Subra et al., 2023).
Even highly structured complexes like the ERMES
complex exhibit flexible interfaces, likely designed to
facilitate lipid diffusion (Wozny et al., 2023).
Researchers can now engineer proteins with shorter
flexible domains while preserving their key functional
properties. For instance, in the case of VAP-A, redu-
cing the linkers between the central coiled-coil region
maintained its partner recognition capabilities and
yielded higher-resolution cryo-EM images (Subra
et al., 2023). Furthermore, advancements in deep
learning and novel algorithms for 3D classification
are poised to support this approach, enabling the ana-
lysis of millions of particles and the construction of
3D models representing various protein conforma-
tions (Saibil, 2022).

iii. Little is known about the role of membranes in the
structural organization of MCS proteins. Notably,
while transmembrane domains play a crucial role in
the structure of transmembrane proteins, such as facili-
tating interactions required for dimerization of VAPs,
membrane-binding domains are equally vital compo-
nents. These domains contribute to oligomeric stabil-
ization or the recruitment of protein partners,
exemplified by the interaction between the small
G-protein Arf1 and the PH domain of OSBP
(Mesmin et al., 2013). To unravel the structural
details of transmembrane proteins in a lipid bilayer or
proteins bound to a lipid ligand integrated into the
lipid bilayer, researchers frequently turn to discoidal
membrane patches scaffolded by apolipoprotein A1
derivatives, commonly known as lipid nanodiscs.
These nanodiscs range in diameter from 7 to 20 nm
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and serve as valuable tools for structural investigations
(Notti and Walz, 2022). Moreover, the application of
SPA has allowed the determination of the structure of
the tripartite multidrug efflux systems of
Gram-negative bacteria confined between two nano-
discs. This system holds promise as a tool for mimick-
ing a tethering complex between two membranes
(Daury et al., 2016). Finally, some lipid transfer pro-
teins such as ATG2, ATG9, and Tricalbins prefer
high curvature regions, which should be considered
for setting up SPA experiments (Collado et al., 2019;
Hoffmann et al., 2019; Wang et al., 2023).

Cryo-ETof Membrane Contact Sites
Cryo-ET involves capturing a sequence of images of a spe-
cific object, acquired at various tilt angles within the micro-
scope, and subsequently aligning these images to
reconstruct a comprehensive 3D model of the object. The
objects of interest can encompass a wide range, from individ-
ual proteins, protein assemblies, viruses, organelles, bacteria,
to cells and tissues. Subsequently, a series of image process-
ing steps comprised of image pre-processing, which serves to
enhance these images for the following identification of
target structures and proteins, then subtomogram averaging
(STA) is performed to extract, align, and average a substan-
tial number of sub-volumes of the tomograms, typically
ranging from 1000 to 100,000. These sub-volumes contain
protein domains or even complete proteins. Through an itera-
tive process involving classification and averaging
approaches, akin to those used in SPA, but applied to
volumes instead, detailed 3D models of the proteins can be
determined. Once these molecular models are obtained,
they can be back-projected into the original tomograms, pro-
viding insights into the larger-scale distribution of these pro-
teins within their biological context, whether in vitro
reconstructed or in situ (Castaño-Díez and Zanetti, 2019;
Pyle and Zanetti, 2021; Wan and Briggs, 2016).

In comparison to SPA, sub-tomogram averaging (STA)
represents a relatively newer approach in the field. Several
intricacies render STA a more complex method, and its wide-
spread application remains confined to a selected number of
expert research teams. These challenges include: i) cryo-ET
samples, typically thicker than those used in SPA, result in
a significantly lower signal-to-noise ratio, posing difficulties
in accurately extracting subvolumes; ii) samples for cryo-ET
are often more heterogeneous than purified proteins, compli-
cating the alignment and averaging procedures; iii) the
required software programs continue to undergo develop-
ment and must be customized to suit working with protein
types. This adaptation is particularly challenging when
dealing with proteins lacking well-defined geometries and
exhibiting low symmetry, as established software tools may
not be readily applicable; iv) while there is evidence that
STA can achieve resolution on par with SPA for large and

well-structured proteins like apoferritin, it frequently falls
short of providing atomic-level protein details (Tegunov
et al., 2021) . Consequently, the interpretation of cryo-ET
results frequently necessitates combination with complemen-
tary techniques, such as comparing various protein con-
structs, employing structure prediction, and conducting
molecular dynamics simulations, to attribute precise molecu-
lar identities and interactions within the sub-volumes
(Table 1).

When dealing with MCS, cryo-ET faces challenges
arising from the proteins’ diminutive size, resulting in a
weak signal in tomograms, as well as their intrinsic flexibility
and limited cellular abundance (Table 2).

In Vitro Reconstituted Membrane Contact Site:
VAP-A-OSBP
The molecular organization of in vitro MCS formed by the
VAP-A and OSBP complexes has been investigated using
cryo-ET and STA (de la Mora et al., 2021). VAP-A is an
ER-transmembrane protein known for its recognition of
over 100 proteins containing FFAT (two phenylalanines in
an acidic track) or FFAT-like amino acid sequences (Di
Mattia et al., 2018; Murphy and Levine, 2016). These pro-
teins include various lipid transfer proteins, among them
OSBP, responsible for transferring cholesterol synthesized
in the ER to the trans-Golgi network (TGN). OSBP com-
prises an N-terminal PH domain, a central FFAT motif,
and a C-terminal lipid transport (ORD) domain.

Complete VAP-A, OSBP, and (1-408)-OSBP
(NPHFFAT), a construct lacking the ORD domain, used
for studying tethering function, were purified. We designed
an invitro MCS based on a hybrid lipid system, where
VAP-A was reconstituted in proteoliposomes in contact
with OSBP or (1-408)-OSBP bound to lipidic tubes contain-
ing PI4P. This hybrid system was initially designed for
VAP-A and OSBP analysis but can be applied to other
protein complexes involved in tethering two adjacent mem-
branes. Cryo-EM images of VAP-A at the membrane
surface revealed that VAP-A is a flexible molecule with its
MSP domain, responsible for binding VAPs partners,
capable of extending up to 17 nm and exploring the
cytosol. This flexibility allows VAP-A, when in complex
with (1-408)-OSBP or OSBP, to form MCS with intermem-
brane distances spanning from 10 to 30 nm.

The high abundance of protein molecules in this in vitro
system enabled the computation of 3D models for VAP-A
and N-PH-FFAT at resolutions of 20 Å and 10 Å, respect-
ively. These models revealed a dimeric arrangement for
both VAP-A and (1-408)-OSBP. The tethering region of
OSBP exhibited a T-shaped configuration with a 14 nm elon-
gated domain parallel to the membrane, a short ∼3 nm stem,
and PH domains bound to the membrane. Given that the
C-terminal region includes a disordered segment of approxi-
mately 100 amino acids, which encompasses the FFAT
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motif, it suggests that this region can bind two distinct
VAP-A dimers located at spatially separated locations. The
sequence A362-R408 (47 amino acids), connecting the
FFAT motif to the ORD, could potentially extend up to
14 nm, defining the effective range of action of the ORD
between the MSP of VAP-A and the two adjacent mem-
branes. This ball-and-chain geometry could facilitate a move-
ment exceeding 20 nm for the ORDs between the ER and
TGN membranes, potentially enabling lipid exchange
between these compartments.

Further investigation in cells demonstrated that in the
absence of its flexible regions, VAP-A, which typically con-
centrate in ER-Golgi MCS, relocated to ER-mitochondria
MCS, likely engaging with VPS13 and PTPIP51. Notably,
this altered ER-mitochondrial localization of VAP-A
mutants was primarily associated with sustained interactions
with partners residing in mitochondria, rather than being dic-
tated by specific VAP-A length or inter-organelle distances.
Consequently, the flexibility of VAP appears to serve as a
critical structural component enabling VAP-A to adapt to
its binding partners, which exhibit varying turnover rates
within the MCS (Subra et al., 2023).

The in vitro reconstitution approach replicates tethering
complexes known as MCS and makes them suitable for
cryo-ET analysis. These reconstituted MCS exhibit dimen-
sions in the hundreds of nanometers range, like those seen
in cellular environments. Notably, the inter-membrane dis-
tances within these reconstituted MCS vary from 10 to 30
nanometers, displaying a wider range compared to typical
measurements in in situ cryo-ET studies. This variation
may arise due to the specific conditions of in vitro reconsti-
tuted MCS. Furthermore, it highlights the adaptability of
VAP-A, which can adjust its length based on the size of
partner proteins it encounters in various MCS within the
cell, such as VPS13 and OSBP at ER-mitochondria or
ER-TGN sites, respectively. These reconstituted MCS
provide a platform for studying the behavior of multiple
copies of proteins that tether adjacent membranes, a scenario
that is not easily accessible through SPA of isolated proteins.
Additionally, this approach offers a simplified environment
compared to the in situ approach. By manipulating para-
meters like protein concentration, partner type, lipid compos-
ition, and membrane curvature, the in vitro reconstitution
approach facilitates a deeper understanding of the assembly
and disassembly mechanisms of MCS. Finally, the substan-
tial number of molecules available for averaging in an in
vitro dataset comprising a few dozen up to hundreds of cryo-
tomograms, containing the number of protein particles
exceeding 10,000 in total, enables the determination of
molecular models at sub-nanometer resolution.

In Situ Cryo-Electron Tomography
Cryo-ET can be used to visualize organelle ultrastructure and
proteins in the cellular context. Moreover, it allows for theT
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examination of organelle interactions, protein-organelle, and
protein-protein interactions. In some cases, molecular models
of proteins as well as protein complexes could be resolved in
situ by means of cryo-ET and STA.

To obtain images with a proper signal-to-noise ratio in
cryo-ET, it is essential that the sample’s thickness remains
below 100–200 nm (Tuijtel et al., 2023). This requirement
is met when studying the periphery of eukaryotic cells,
which enables the investigation of MCS between the ER
and the plasma membrane. However, to study the interior
of cells, the sample (cell, tissue, or organoid) is frozen on
an EM grid. Subsequently, a cryo-focused ion beam scan-
ning EM (cryo-FIB-SEM) is used to mill the surface of
the frozen specimen until a 100–200 nm thick lamella is
obtained. This lamella is then imaged using a transmission
cryo-EM.

Identifying MCSs within cellular lamellae pose challenges
in the absence of protein labels recognizable in cryo-ET. This
usually requires CLEM approaches. This technique involves
two steps: imaging fluorescent proteins expressed in cell that
are deposited on an EM grid to localize the region of interest
followed by imaging this same region by cryo-EM.

Several CLEM techniques are available for both room
temperature (RT) and frozen samples, as reviewed In the
case of membrane architectures by Ganeva and Kukulski
(Ganeva and Kukulski, 2020). By conducting CLEM at RT
followed by HPF fixation and sectioning, proteins within
certain MCSs can be identified, as shown e.g., VPS13 pro-
teins at the ER-late endosomes or the ER-mitochondria
contact sites (Kumar et al., 2018) or MOPD2 at the
ER-lipid droplet contact sites (Zouiouich et al., 2022). This
approach also revealed how the morphology of yeast cortical
ER changed with the type of tethering proteins (Hoffmann
et al., 2019).

In contrast, cryo-CLEM of cryo-lamellae enables fluores-
cence microscopy while preserving them in a vitreous state.
Established protocols for freezing cells and imaging cryo-
lamellae using modified optical microscopes, followed by
transfer to cryo-microscopes, have been described (Bieber
et al., 2022; Fung et al., 2022). Despite technical complex-
ities, vitreous ice preservation allowed direct visualization
of proteins in cryo-tomograms, as seen for example with
the ERMES complex at ER-mitochondria contact sites,
where the corresponding molecular models were computed
by STA (Wozny et al., 2023). Fluorescence localization is
largely constrained by the diffraction limit. Efforts in super-
resolution light microscopy of frozen samples have provided
images of mammalian cell cytoskeleton and organelles,
though not yet contact sites (Tuijtel et al., 2019).
Alternatively, fluorescent genetically encoded multimeric
proteins (GEMs) have been developed to target
GFP-labeled proteins. Indeed, GEMs were detectable in
cryo-tomograms by their 25 nm icosahedral shape allowing
an easier localization of target protein as shown for seipins
at ER-lipid droplet contact sites (Fung et al., 2022).

In the regions of contact between membranes, the elec-
tron densities that connect adjacent membranes are typically
weak in intensity. The presence of multiple proteins with
redundancy in their functions adds complexity to the prep-
aration of samples and poses challenges in precisely attrib-
uting these electron densities. For example, in yeast, there
are six different proteins found at the ER-plasma MCS,
while in human cells, VAP-A is known to interact with at
least OSBP and CERT at the ER-Golgi contact site
(Collado et al., 2019; Hoffmann et al., 2019; Subra,
Antonny and Mesmin, 2023). Consequently, unambigu-
ously assigning these protein densities becomes a challen-
ging task. As a common strategy, researchers often resort
to removing all potential tethering proteins and subse-
quently expressing only the protein of interest to facilitate
the analysis.

Lastly, the limited number of endogenous proteins within
MCS available for averaging restricts the achievable reso-
lution of computed 3D molecular models. Protein overex-
pression can increase the number of proteins for averaging
but may also alter the organelle’s ultrastructure.

Cryo-ET at Cell Periphery: Extended-Synaptotagmin
Within the ER-Plasma Membrane Contact Site
The initial in situ exploration of MCS focused on the struc-
tural analysis of those mediated by extended synaptogamin
(E-syt) proteins (Fernández-Busnadiego et al., 2015). E-syt
are proteins anchored in the ER and feature a synaptogamin
mitochondrial lipid binding protein (SMP) domain along
with either five C2 domains (E-syt1) or three C2 domains
(E-Syt 2/3). E-syt proteins are recognized for their tethering
ability, primarily attributed to the C2 domains’ capacity to
bind phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)
present in the plasma membrane, a process regulated by the
accumulation of cytosolic calcium. The first cryo-
electron tomograms of these MCS were acquired at the per-
iphery of naïve COS-7 cells, but the protein densities
observed were too sparse to be definitively assigned to
E-Syt proteins. Therefore, it was necessary to induce the
substantial formation of these ER-plasma membrane
E-Syt contacts through the overexpression of each E-syt
individually, in the presence or absence of calcium, to
gain insights into the architectural organization of these
MCS. Across all E-Syt variants, the ER membrane and
the plasma membrane were separated by approximately
18–20 nm. Notably, the distance between membranes
was shorter in E-syt1-mediated contacts when exposed to
elevated cytosolic calcium concentrations. These observa-
tions contributed to the understanding of the calcium-
dependent binding behavior of the C2 domain in E-Syt1
relative to E-Syt2/3 and the assignment of an intermediate
density to the SMP domain. However, the signal-to-noise
ratio of the protein was insufficient for the generation of
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a 3D molecular model through subtomogram averaging.
Hence, proposing a transport model involving a shuttle
or channel remained challenging.

Cryo-ET of Yeast ER-Plasma Contact Site: Tricalbins
Two cryo-ET studies have provided insights into the
ER-plasma membrane MCS in the budding yeast (Collado
et al., 2019; Hoffmann et al., 2019). The ER in yeast is referred
to as the cortical ER (cER), it envelopes up to 30% of the
plasma membrane surface. The following six proteins
have been found to be involved in these MCS: Scs2,
Scs2.2 which are orthologs of mammalian VAP, Ists2,
and three tricalbins (Tcb1, Tcb2, Tcb3), which correspond
to extended-synaptotagmin orthologs. Tcb 1-3 proteins
comprise an SMP domain capable of harboring lipids and
four to six C2 domains, some of which can bind to mem-
brane phospholipids.

The ER-PM contact regions’ ultrastructure was investi-
gated through two distinct methods: CLEMof resin-embedded
cells as conducted by Hoffmann et al. in 2019, and direct in
situ cryo-ET as explored by Collado et al. in 2019. These
studies unveiled a heterogeneous landscape, characterized
by a combination of planar sheets and tubular structures
of the cortical ER (c(ER)), particularly within the wild-
type (WT) strain. Upon the complete removal of all bridg-
ing proteins and the subsequent expression of a single type
of protein, noteworthy structural changes were observed.
Specifically, the c(ER) predominantly exhibited a tubular
configuration when Tcb 1-3 proteins were present,
whereas the presence of Scs2 and Inst2 led to the formation
of c(ER) sheets. This alteration in morphology suggested
that proteins in the WT strain tend to accumulate within
regions of the c(ER) characterized by specific curvature.
Interestingly, regardless of the type of bridging proteins
involved, the distances between the ER and plasma mem-
branes exhibited relative constancy, with an average separ-
ation of approximately 23± 5 nm. However, it is important
to note that these distances did show specificity in the
context of various ER-organelle MCS. For instance, in
the case of ER-Mitochondria contacts, the distances were
found to be approximately 16± 7 nm.

In strains where five proteins were depleted and Tcb3
was overexpressed, distinct structural changes were
observed in the c(ER) membrane. As shown by Collado
et al. (2019), the c(ER) membrane exhibited peaks with dia-
meters of approximately 10 nm. In another study by
Hoffmann et al. (2019), the c(ER) membrane displayed a
bending or buckling tendency towards the plasma mem-
brane. A quantitative model was developed, predicting
that the pronounced curvature of the membrane, as seen
in the 10 nm peaks, could substantially reduce the entropy
barrier associated with lipid extraction. This reduction in
the entropy barrier was estimated to increase the extraction

rate by approximately 500-fold, as outlined in the study by
Collado et al. (2019). Furthermore, Hoffmann et al. (2019)
reported electron densities representing proteins that
spanned both membranes, resembling rigid rods with a
length of approximately 20 nm. However, the analysis
was limited due to a low signal-to-noise ratio that only 2D
projections could be effectively generated. Nevertheless,
the 2D classes revealed variability in the tilt angles of
these rods, with some tilting up to 20 degrees concerning
the c(ER) membrane. This variability suggested the pres-
ence of potential flexible protein domains at the membrane
anchor. Notably, this observed structure does not align with
the assumption that the SMP dimer is organized in parallel
to the membrane, shuttling between the two membranes.
Instead, it supports a lipid tunneling model as a more
fitting explanation.

Cryo-ET of ER/Endosome/Lysosome Contact Sites:
VPS13C
Cryo-lamellae of HeLa cells were used to investigate
ER-endosome/lysosome MCS containing VPS13C (Cai
et al., 2022). VPS13C functions as a lipid transport protein
within these MCS. Initially, the presence of VPS13C at
ER-endosome/lysosome MCS was detected through fluores-
cence microscopy of cells. Subsequently, the identification of
the areas of interest within the cryo-lamella was facilitated by
the substantial expansion of the ER towards endo/lysosomes
following the overexpression of the VPS13C and VAP-A
tethering complexes. Confirmation of the assignment was
achieved using a truncated form of VPS13C. The intermem-
brane space between these structures was approximately
29 nm, but this distance decreased to around 24 nm with
the VPS13C Δ1,235–1,748 construct. Notably, rod-like
structures with the anticipated length of VPS13C were
observed bridging the adjacent membranes. The application
of subtomogram averaging resulted in the generation of a
low-resolution map, with a resolution of 47 Å, depicting a
featureless rod-shaped protein. This model was subsequently
fitted with a predicted model of the full-length protein
obtained using Alpha Fold-based tools. An intriguing obser-
vation was the absence of protein density at the ER/protein
interface. This lack of electron density might be explained
by several hypothesis: the presence of a flexible domain
within this region of VPS13C, the flexibility of the link
region between the MSP domain of Vap able to bind
VPS13 and the rest of the protein (de la Mora et al., 2021)
or the presence of non-overexpressed unknown protein. In
the absence of overexpression, intermembrane distances
between the ER and endo/lysosomes displayed greater vari-
ability, and few, if any, tethering proteins were visibly
present. Overall, this study offered compelling evidence
that VPS13C possesses structural characteristics conducive
to a bridge model for lipid transport.
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Cryo-ET of ER-Mitochondria Contact Sites : ERMES
complex
The structural arrangement of the ERMES complex, which
plays a pivotal role in facilitating the transport of phospholi-
pids between the membranes of the ER and mitochondria in
yeast, was examined using in situ cryo-ET (Wozny et al.,
2023). The ERMES complex comprises four distinct pro-
teins: Mmm1, Mdm12, Mdm34, and Mdm10. Mdm10 is a
transmembrane protein found in the mitochondrial outer
membrane, whereas Mmm1 is integrated into the ER mem-
brane. Mmm1, Mdm12, and Mdm34 share a conserved
SMP domain.

The identification of contact zones within the cryo-lamellae
was achieved through cryo-CLEM using mdm34-mNeon
green. These contact regions exhibited a surface area of
approximately 0.02 μm2, and the intermembrane separation
between the ER andmitochondria remained relatively constant
at ∼ 20–25 nm. Notably, the ER membrane involved in the
contact displayed no specific curvature, nor did it adopt
concave, convex, or flat configurations. Electron densities cor-
responding to proteins bridging the adjacent membranes were
visible by eye. Additionally, these protein densities were con-
sistently arranged in clusters without direct contact, indicating
a spatial organization potentially influenced by proteins shared
between the two organelles that orchestrate the clustering of
ERMES complexes.

A 3D molecular model was generated from 1098 sub-
volumes, albeit at a resolution of 27 Å, which precluded
the construction of a secondary structure model. Therefore,
an atomic model was assembled by amalgamating existing
protein information, such as the localization of Mmm1 in
the mitochondrial outer membrane and its interaction with
Mdm12, with a 3D model derived from predictions employ-
ing Alpha Fold-based tools. This hybrid model was then opti-
mized via atomistic molecular dynamics based flexible fitting
and fitted into the EM envelope. The resulting 3D model
unveiled the organization of the four subunits in the order
of Mmm1-Mdm12, Mdm34, and Mmm10, which bridge
the two membranes connecting the ER to the mitochondria,
adopting a zigzag configuration. Importantly, this 1:1:1
protein/complex stoichiometry validated the quantitative
fluorescence microscopy yielded findings. Molecular model-
ing indicated that the interior of the SMP domains possesses
hydrophobic properties, suggesting that they have the poten-
tial to accommodate phospholipids. This lends support to a
model of unidirectional lipid transfer between the ER and
mitochondria through a protein conduit, rather than a
shuttle mechanism.

This comprehensive study combined cutting-edge meth-
odologies including quantitative fluorescence microscopy,
in situ cryo-ET, and atomistic molecular dynamics to offer
novel insights into the structural organization of the
ERMES complex at ER-mitochondrial contact sites, span-
ning from the molecular to cellular scales. It is worth

highlighting that the study was conducted using endogenous
ERMES complexes within wild-type cells, without the need
for protein overexpression. This represents a ground-
breaking contribution to our understanding of the ERMES
complex and, by extension, other MSCs in general.

Conclusion
Recent studies have highlighted the application and merits
of cryo-EM for exploring structural characteristics of
MCS. Cryo-EM provides a versatile perspective, spanning
from the molecular to cellular levels, encompassing the
10 nm to 500 nm scale—a range not easily explored
through alternative biological approaches. Additionally,
cryo-EM can be effectively combined with other techni-
ques to generate low-resolution EM maps, particularly
for highly flexible domains, such as molecular dynamics,
fluorescence microscopy, or scattering methods (Yu
et al., 2023). Recent advancements in time-resolved
cryo-EM have facilitated the elucidation of complex for-
mation kinetics and the visualization of transient confor-
mations (Torino et al., 2023).

Expected advancements in cryo-ET of MCS in cellular
contexts hold promise as ongoing endeavors tackle inherent
obstacles. Innovative instruments are being developed to
ensure consistent lamellae preparation and to acquire high-
quality tomographic data. New strategies, such as
cryo-CLEM paired with super-resolution techniques
(Ganeva and Kukulski, 2020), genetically encoded multi-
meric particle-based protein localization (Fung et al.,
2022), and deep learning approaches applied to annotated
cryo-tomograms, enable improved recognition of proteins
within cryo-lamellae (de Teresa-Trueba et al., 2023).

A pivotal issue lies in the limited availability of endogenous
proteins for generating 3D models. While protein overexpres-
sion is an option, it can substantially alter organelle ultrastruc-
ture. To mitigate this, efforts are being made to accelerate
cryo-ET data collection, reducing acquisition times from
approximately 30 to about 5 min per tilt series (Eisenberg-
Bord et al., 2016). This development is expected to signifi-
cantly increase the number of subtomograms available for aver-
aging. Coupled with new denoising algorithms and 3D
classification techniques, it becomes feasible to analyze a
greater range of endogenous proteins (Zivanov et al., 2022b).

Cryo-ET analysis of purified organelles has yet to be
experimented for studying MCS, although it is feasible to
image a greater number of such structures on a grid compared
to cells, and cryo-FIB milling is not necessary. Successful
applications of this approach include investigations into the
role of mitofusin in mitochondria fusion (Brandt et al.,
2016), determination of the structure of the Ryanodine recep-
tor within ER vesicles (Chen and Kudryashev, 2020), and
examination of the ribosome-translocon on ER vesicles
(Gemmer et al., 2023). However, realizing this potential
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will likely necessitate investments in new organelle purifica-
tion methods.

Combining cryo-EM and in vitro reconstitution of MCS
using purified proteins enables the investigation of queries
that are beyond the reach of cellular studies. This approach
also facilitates the generation of 3D protein models at a
high, potentially atomic resolution. The roster of proteins
affiliated with MCS within cells is notably expanding, with
many of them poised as promising candidates for compre-
hensive exploration and the elucidation of their functional
mechanisms upon successful purification.

Abbreviations: three-dimensional (3D), cryo-electron
microscopy (cryo-EM), cryo-electron tomography (cryo-
ET), single particle analysis (SPA), sub-tomogram averaging
(STA), endoplasmic reticulum (ER), vesicle-associated
membrane protein-associated protein (VAP), correlative
light-electron microscopy (CLEM), membrane contact sites
(MCS).
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Turoňová B (2023). Thinner is not always better: Optimising
cryo lamellae for subtomogram averaging. bioRxiv. Available
at: https://www.biorxiv.org/content/10.1101/2023.07.31.551274v1
(accessed 22 December 2023).
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