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Abstract:  

The endoplasmic reticulum and mitochondria are main hubs of eukaryotic membrane biogenesis which 

rely on lipid exchange via membrane contact sites, but the underpinning mechanisms remain poorly 

understood. In yeast, tethering and lipid transfer between the two organelles is mediated by the ER-

mitochondria encounter structure ERMES, a four-subunit complex of unclear stoichiometry and 

architecture. We determined the molecular organization of ERMES within cells using integrative 

structural biology, combining quantitative live-imaging, cryo-correlative microscopy, subtomogram 

averaging and molecular modeling. ERMES assembles into approximately 25 discrete bridge-like 

complexes distributed irregularly across a contact site. Each bridge consists of three lipid-binding SMP 

domains arranged in zig-zag fashion. Our molecular model of ERMES reveals an unconventional 

restrained pathway for lipids. These findings resolve a supramolecular architecture controlling 

interorganelle lipid fluxes.  

 

Introduction:  

Lipids are fundamental constituents of eukaryotic cells and are mainly synthesized in the endoplasmic 

reticulum (ER). The ER supplies lipids to other organelles for membrane homeostasis and expansion. 

Although lipids and proteins traffic via vesicles from the ER to outlying organelles, the bulk of cellular 

lipid flux occurs through membrane contact sites (MCS)(1), which are regions where two organelles are 

physically apposed (2). For lipid flux between the ER and mitochondria, MCS are the only conduit (3-

5). In yeast, ER-mitochondrial MCS are mediated exclusively by the ER-mitochondria encounter 

structure (ERMES), which is necessary for respiratory function, mitochondrial morphology, and 

maintenance of the mitochondrial genome (6, 7). ERMES mediates the transport of phospholipids 

between ER and mitochondria (8, 9), possibly underpinning its roles in mitochondrial function. ERMES 

is composed of four core components, Mmm1, Mdm12, Mdm34 and Mdm10, which have molecular 

weights between 31 and 56 kDa (6). Three of them share conserved synaptotagmin-like mitochondrial-

lipid-binding (SMP) domains, characteristic of many MCS lipid transfer proteins in yeast and mammals 

(10-12). Although structural information on SMP domains is available, including for Mmm1 and 

Mdm12, it remains unknown how SMP domains arrange between two organelles to drive inter-organelle 
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lipid transfer (13-17). Specifically, whether ERMES subunits arrange into stoichiometric complexes that 

form lipid shuttles or continuous conduits is unclear.  

 

Results and Discussion: 

To reveal the supramolecular structure of ERMES-mediated MCS in budding yeast, determine the in 

situ organization of ERMES SMP domains and obtain insights into the mechanism of lipid transfer, we 

used an integrative structural biology approach. When observed by fluorescence microscopy (FM), the 

three SMP-domain containing ERMES components Mmm1, Mdm12 and Mdm34 organize as diffraction 

limited puncta that correspond to ER-mitochondria MCS (Figure 1A)(6). We first determined the 

number of ERMES components per puncta and their ratio by quantitative live cell FM (18, 19). 

Fluorescence intensity measurements provided us with an estimate of the absolute number of molecules 

per MCS of the three ERMES components (Figure 1B). The number of Mmm1 and Mdm34 molecules 

matched closely (25-27 and 26-29 molecules/punctum, respectively), and was also similar for Mdm12 

(19-22 molecules/punctum) (Figure 1C). We thus propose that ER-mitochondria MCS consist of similar 

protein copy numbers of the three SMP-domain containing ERMES components. The lower abundance 

of Mdm12 could reflect its assembly properties, as Mdm12 is cytosolic and its targeting to MCS might 

require its interaction partners Mdm34 and Mmm1 to be present (14, 20). In contrast, Mmm1 is anchored 

to the ER by a transmembrane domain, and Mdm34 associates tightly with the outer mitochondrial 

membrane (OMM) protein Mdm10 (20, 21). Nevertheless, considering that the SMP domains of Mmm1 

and Mdm12 form a stable equimolar complex in vitro (16), our finding supports a model of ERMES 

assembling as a protein complex with equimolar stoichiometry between Mmm1, Mdm12 and Mdm34.  

 

A stoichiometric ERMES complex is compatible with both proposed functional models: that of a stable 

conduit bridging the ER to mitochondria, or of a mobile shuttle moving between these two organelles. 

To determine the mode of lipid transport at ER-mitochondria MCS, we visualized ERMES MCS in 

vitrified yeast cells using correlative light and electron cryo-microscopy (cryo-CLEM). Vitrified cells 

were thinned into lamellae using cryo-focused ion beam (FIB) milling (22), then imaged using cryo-FM 

to determine the presence and position of ERMES puncta, marked by Mdm34-mNeonGreen, within each 

lamella (Figure 2A). Regions of lamellae with ERMES puncta were then imaged using electron cryo-

tomography (cryo-ET). This approach reliably directed data collection to ER-mitochondria MCS. These 

MCS consisted of diverse morphologies of ER and mitochondria (Supplementary Figure S1). ER 
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membranes in contact with mitochondria did not show preferred curvature: convex (28%), concave 

(33%), convex and concave in different locations of the same MCS (5%), or nearly flat (33%, N=60 

MCS) membranes were all observed. Generally, the ER in the MCS appeared to be pressed against the 

OMM (Supplementary Figure S1). In some cases, the ER was wrapped around the mitochondrial surface 

(Supplementary Figure S1A and C); in others, ER tubules passed through holes in mitochondria 

(Supplementary Figure S1D and E). Occasionally, we found peroxisomes near ER-mitochondria MCS, 

often in close contact with the ER (Supplementary Figure S1B and E). Notably, in addition to 51 

tomograms of ER-mitochondria MCS, 9 tomograms collected at fluorescent ERMES puncta contained 

no ER-mitochondrial MCS but instead ER-peroxisome MCS (Supplementary Figure S2). These 

observations are in line with previous findings that ERMES can localize to MCS involving peroxisomes 

(23, 24). 

 

Importantly, the cryo-CLEM approach provided us with confidence that the imaged MCS contained a 

significant amount of ERMES (Figure 2B). Within ER-mitochondria MCS we found numerous dense, 

bridge-like structures spanning the gap between the two organelles (Figures 2C). These structures were 

on average 24.2 nm in length (standard deviation (SD)=4.76 nm, N=1098 bridges, Figure 2D). A median 

of 24 bridge structures were observed per tomogram (median absolute deviation (MAD)=17.8, N=51 

tomograms) (Figures 2E). The number of bridge structures is in close agreement with the number of 

molecules of Mmm1, Mdm12 and Mdm34 per diffraction limited puncta. These findings suggest that 

the bridge structures, which are located at puncta of Mdm34-mNeonGreen, represent the ERMES 

complex forming a continuous structure between the ER and mitochondrial membranes. 

 

To gain structural details of the bridges and insight into the organization of ERMES, we used 

subtomogram averaging (STA) to determine an average 3D map from subvolumes containing the bridge 

structures (Supplementary Figures S3 and S4). Our structural map fills the distance between the ER and 

mitochondria, likely corresponding to the full cytosolic portion of the ERMES complex (Figure 2F). 

There are two bends along the map which produce a zig-zag arrangement of three segments similar in 

size and shape (Figure 2G, Movie S1). This overall structure suggests the assembly of three SMP 

domains arranged consecutively in a continuous string. The order of the arrangement is deducible from 

information available on the three SMP domain containing components: Mmm1 is anchored in the ER 

and interacts with Mdm12; Mdm34 interacts with Mdm12 and with the OMM protein Mdm10 (16, 20, 
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21). Thus, in our map, the segment nearest the ER is likely to contain the Mmm1 SMP domain, the 

central segment Mdm12, and the segment nearest the OMM Mdm34. Such an organization fits with the 

equimolar ratio of components determined by FM. We propose that ERMES bridges the space between 

the ER and mitochondria through a stable complex in which each component contributes one SMP 

domain, strung in a zig-zag assemblage. 

 

In vitro, the Mmm1 SMP domain homo-dimerizes like SMP domains of other lipid transfer proteins and 

could thus mediate dimerization of ERMES bridges through an interaction near the ER membrane (13, 

16, 25). Since our STA approach averaged individual bridges, we could have missed such dimers. We 

therefore used tomographic coordinates of bridge-membrane anchor points proximal to the ER and the 

OMM, as well as the centers of the bridges, to determine whether the bridges had a specific arrangement 

relative to each other (Figure 3A). For each anchor point, we measured the distance to its nearest 

neighboring anchor point. We reasoned that if Mmm1 dimerized as in the crystal structure (16), the 

distance between two neighboring ER anchors would be shorter than between bridge centers or OMM 

anchor points. If there was another oligomerization at neighboring OMM anchors, the distance between 

the latter could be similar to ER anchor points, and it would be shorter than between neighboring center 

points (Figure 3B). Our analysis revealed that for ER anchors, bridge center points and OMM anchors, 

the distances between nearest neighbors were equivalent (median +/-MAD: 14.8 nm +/-8.0 nm, 14.3 nm 

+/-7.5 nm and 14.3 nm +/-7.9 nm, respectively; Figure 3C). We conclude that an arrangement involving 

dimerization of Mmm1 SMP domains as observed in vitro does not occur in the cell.  

 

We did not include the membranes in our STA procedure (Supplementary Figure S3) to avoid these large 

structures dominating the alignment of subvolumes containing the bridges. We noticed, however, that 

many bridges were not perpendicular to the membranes, but displayed an angled orientation. To assess 

this observation quantitatively, we performed another alignment of the previously aligned bridge 

subvolumes, this time using the OMM as our target feature (Supplementary Figure S5). The difference 

in the angle relative to the membranes between the initial bridge alignment and the OMM alignment 

position was 15.8° +/-13.8° (median +/-MAD, Figure 3D). These results indicate that there is flexibility 

in the positioning of ERMES bridges relative to the membranes; possibly provided by hinge-like regions 

at the interfaces between the cytosolic and membrane parts of ERMES. This flexibility in orientation 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

could help ERMES bridges to accommodate varying membrane curvatures of the ER and the OMM as 

well as potential pushing and pulling forces acting on the organelles. 

 

When we placed the STA map back into tomograms at positions of the individual subvolumes, we 

observed that the bridges were distributed within the MCS in clusters of varying density (Figure 3E, 

Movies S2-S7). To estimate the area of membrane serviced by an individual ERMES bridge we 

measured the surface area of the ER membrane interfacing with the OMM. We found that one ERMES 

bridge occupied 1359 nm2 +/-483 nm2 (median +/-MAD, N=60 MCS) of ER membrane (Supplementary 

Figure S6). Thus, if equally distributed within MCS, the distance between bridges would be 

approximately 40 nm. However, the closest neighbor of each bridge was 15 nm away (Figure 3C), 

indicating that ERMES bridges are not distributed homogenously, but rather in irregular clusters. The 

number of bridges found per MCS correlated with the ER membrane surface area in contact with 

mitochondria (Figure 3F), suggesting that the number of ERMES bridges is limited to approximately 12 

bridges per 10,000 nm2 of ER surface area. Thus, while the distribution of bridges within the MCS 

appears to adopt no regular pattern and the morphologies of MCS are diverse, the number of ERMES 

bridges per surface area (Figure 3F) and per MCS (Figure 1C) appear to be constrained, indicative of 

spatial regulation of ERMES organization across MCS.  

 

We next set out to investigate the molecular architecture of the ERMES complex. Our STA map suggests 

a zig-zag arrangement of three SMP domains (Figure 2G). We sought to test if such an arrangement is 

compatible with the structural properties of the components. We predicted the structures of heterodimers 

(Mmm1-Mdm12, Mdm12-Mdm34 and Mdm34-Mdm10) using FoldDock (FD) (26), an AlphaFold 

(AF)-based tool (27), and assembled the complex based on the sequential order of the components 

derived from our STA map and previous findings (16, 20, 21)(Figure 4A). FD predicted a sequential 

tail-to-head arrangement of the SMP domains of Mmm1, Mdm12 and Mdm34, with the head-terminal 

loop of one subunit interacting with the crevice formed by the next subunit (Figure 4B), similar to the 

interfaces observed in the X-ray structure of the Mmm1-Mdm12 dimer (16). 

 

Notably, rather than the zig-zag arrangement we observed in situ, the in silico FD prediction suggested 

a more ‘linear’ conformation of the complex, similar to the in vitro arrangement (16). To adjust the 

predicted complex structure to our experimental STA map, we performed atomistic Molecular Dynamics 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/


 7 

Flexible Fitting (MDFF) of the ERMES complex with an explicit lipid bilayer mimicking the OMM 

(Figure 4A, Supplementary Figure S7 and Movie S8). Of note, even though the STA map does not 

provide secondary structure information, limiting the overall accuracy of our model, fitting to the STA 

map only moderately modifies the inter-subunit interfaces, which remain nearly in their initial FD-

predicted conformations (Figures 4A and B). Furthermore, our model does not completely occupy the 

STA map density around Mdm12 and Mdm34 (Figure 4A). The extra density in the map could be 

explained by the intrinsically disordered or dynamic protein regions that we excluded from modeling 

due to their poorly predicted structures, or binding of auxiliary factors such as the regulatory proteins 

Gem1 (21, 28), Tom7 (20) or Emr1 (29).  

 

We next investigated whether the proposed complex is compatible with a tunnel-like lipid transport 

mechanism. In such a scenario, lipids should slide through the SMP domains and, importantly, move 

between subunits via their interfaces. In our final MDFF model, the cavities of the SMP domains do not 

form a continuous conduit, as they are too narrow for lipid transport at the Mdm12-Mdm34 and Mmm1-

Mdm12 interfaces (Figures 4C and Supplementary Figure S8). This observation suggests that unlike 

other tunnel-like lipid transfer proteins such as the VPS13 family, which form large unrestrained 

conduits (30, 31), the lipid pathway in ERMES could be restrained by bottlenecks at the interfaces 

between domains. Furthermore, in our model, the cavity of Mdm34 is near the OMM surface, and the 

predicted interaction between Mdm34 and the OMM protein Mdm10 occurs close to residues previously 

found to drive Mdm34-Mdm10 complex formation (20) (Figure 4D). Notably, our simulations suggest 

that Mdm10 displays a hydrophobic mismatch on the cytosolic leaflet of the OMM, which therefore 

deforms the bilayer around Mdm10 (Figure 4D). The arrangement of the Mdm34 cavity and of the 

membrane around Mdm10 could facilitate the uptake and release of lipid molecules (Figure 4D, inset). 

 

In summary, combining quantitative FM, in situ structural biology and integrative modeling allowed us 

to seamlessly build a comprehensive and highly resolved model of ER-mitochondria MCS in yeast. In 

this model, ERMES distributes within MCS as a discrete, two-membranes spanning complex of 

approximately 188 kDa in mass, with the three ERMES SMP domains arranged into a continuous 

structure between the two organelles. This organization could represent a controllable trajectory for 

lipids that differs from the shuttle or tunnel modes identified for other lipid transfer proteins (1). The 

exact mechanism regulating lipid passage through ERMES remains to be determined, but such a 
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mechanism might facilitate specificity or directionality of lipid transport while being compatible with 

ERMES as an interorganelle tether.  

 

 
 
Materials and Methods: 
 

Yeast cell culture and genetics 

Liquid Saccharomyces cerevisiae (budding yeast) cultures were grown in synthetic complete medium 

without tryptophan with 2% glucose (SC-Trp) at 25°C for all experiments. Genetic tagging with either 

EGFP, mNeonGreen or mCherry was done according to (32), using plasmids pFA6a-EGFP-HIS3MX6, 

pFA6a-mCherry-KanMX and pFA6a-mNeonGreen-HIS3MX6 (32, 33). 

 

Yeast strains used for live cell fluorescence microscopy 

Mdm34-mNeonGreen, Tom20-mCherry (WKY0401): MATa, his3Δ200, leu2-3,112, ura3-52, lys2-801, 

MDM34-mNEONGREEN::HIS3MX6, TOM20-mCHERRY::kanMX4 

 

Nuf2-EGFP (WKY337): MATα, his3Δ200, leu2-3,112, ura3-52, lys2-801, NUF2-EGFP::HIS3MX6 

 

Cse4-EGFP, Tom20-Cherry (WKY421): MATα, his3Δ200, leu2-3,112, ura3-52, lys2-801, CSE4-

EGFP::HIS3MX6, TOM20-mCHERRY::kanMX4 

 

Mdm12-EGFP (WKY0119): MATα, his3Δ200, leu2-3,112, ura3-52, lys2-801, MDM12-EGFP:: 

HIS3MX6 

 

Mdm34-EGFP (WKY0432): MATα, his3Δ200, leu2-3,112, ura3-52, lys2-801, MDM34-EGFP:: 

HIS3MX6 

 

Mmm1-EGFP (WKY0433): MATα, his3Δ200, leu2-3,112, ura3-52, lys2-801, MMM1-EGFP:: 

HIS3MX6 

 

Yeast strain used for cryo-CLEM /cryo-ET 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

Mdm34-mNeonGreen, Dnm1-mCherry (WKY0400): MATa, his3Δ200, leu2-3,112, ura3-52, lys2-801, 

MDM34-mNEONGREEN::HIS3MX6, DNM1-mCHERRY::kanMX4 

 

 

Quantification of the number of ERMES components per MCS 

Quantification of the number of molecules of ERMES components per diffraction limited puncta was 

done as in (34), according to the protocol described by (19). Yeast cells expressing Cse4-EGFP Tom20-

mCherry were mixed with cells expressing either Mmm1-EGFP, Mdm12-EGFP or Mdm34-EGFP, and 

then mounted on Concanavalin A coated 1.5 glass coverslips. The Tom20-mCherry signal was used to 

discriminate cells of the two strains. Stacked images (21 images over 4.2 μm z-height) were collected 

using the central 1024 x 1024 px of a QE80 Hamamatsu camera mounted on a Nikon Ti2 microscope 

equipped with Nikon Plan Apo VC 100x/1.40 NA oil objective. A NIJI LED light source with 470 nm 

and 550 nm LEDs was used for excitation with the filter sets 49002-ET-EGFP (FITC/Cy2) with 

ET470/40x, T495lpxr and ET525/50m for green fluorescence and 49005-ET-DSRed (TRITX/Cy3) with 

ET545/30x, T570lp and ET620/60m for red fluorescence. Stacked images were collected of green 

fluorescence before red fluorescence imaging. Z-stacked images of individual cells (either expressing 

one of the ERMES components or Cse4-EGFP Tom20-mCherry cells in anaphase-telophase) were 

cropped manually using Fiji (35) and then subjected to the SpotQuant analysis pipeline, which includes 

background subtraction, identification and masking of fluorescent spots prior to measurement of 

fluorescence intensity (19). The Python3 package SpotQuant was accessed at 

https://github.com/apicco/spotquant. To validate the workflow, the ratio of Nuf2-EGFP molecules with 

respect to Cse4-EGFP molecules was measured and found to be 3.5:1, in close agreement with the 

published ratio of 3.6:1 (36, 37). 

 

Cryo-FIB milling of yeast cells, cryo-CLEM and cryo-ET 

Log-phase cultures of yeast expressing Mdm34-mNeonGreen and Dnm1-mCherry were pelleted and 

resuspended in SC-Trp with 15% dextran (w/v, Sigma 40 kDa Mw) before applying to glow discharged 

Quantifoil R2/2 Cu 200 mesh grids, manually back blotting and plunging into liquid ethane using a 

manual plunger with temperature control (38). Lamellae of vitrified yeast cells were prepared as 

described by (17, 39) using a Scios DualBeam FIB/SEM microscope (FEI) equipped with a Quorum 

PP3010T cryo-FIB/SEM preparation system. To improve lamellae stability, micro-expansion joints 
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were made (40). Cryo-FM imaging of lamellae was done on a Zeiss Axio Imager M2m microscope 

equipped with a Linkam CMS 196 cryo-stage and an Axiocam 503 mono CCD camera (Zeiss). Bright 

field images of the grid were collected using an EC Plan-Neofluar 10x/0.30 (Zeiss) objective lens. High-

magnification fluorescence images of lamellae were collected with a LD EC Epiplan-Neofluar 100x/0.75 

DIC M27 (Zeiss) objective lens. A Zeiss Colibri 7 LED light source with 475 nm and 555 nm LEDs was 

used for excitation with the filter sets 38 HE eGFP (Zeiss) for green fluorescence (Mdm34-

mNeonGreen) and 63 HE mRFP (Zeiss) for red fluorescence (Dnm1-mCherry). Room humidity was 

kept below approx. 25% during cryo-FM. Lamellae which contained Mdm34-mNeonGreen signals were 

used in the next steps of cryo-ET. Cryo-ET tilt series were collected on a Titan Krios microscope 

(Thermo Fisher) operated at 300 kV using a Quantum energy filter (slit width 20 eV) and a K3 direct 

electron detector (Gatan). SerialEM (41) was used for acquiring montaged maps of the lamellae and for 

tilt series acquisition. Low magnification maps (39.39 Å/px) were correlated with cryo-FM images by 

2D rigid fitting using the Icy plug-in ecCLEM (42). As landmarks for registering cryo-FM and cryo-EM 

images, features of the lamella and yeast cell outlines, as well as holes and imperfections in the 

surrounding carbon support film which were visible in both cryo-FM and cryo-EM images were used. 

In this way regions containing Mdm34-mNeonGreen puncta were identified. In a second step, the 

resulting composite images were correlated to medium magnification anchor maps (10.73 Å/px), using 

features recognisable at low and intermediate magnification. The medium magnification maps were used 

to navigate tilt series acquisition. Tilt series images were acquired at 1° increment over a ±56° range in 

groups of 4 using a dose-symmetric tilt scheme (43, 44) at a pixel size of 2.684 Å and a defocus range 

from -3.5 to -6.0 μm. Total exposure time was adjusted to maintain a total dose per image of 1.3 e-/Å 

using a dose rate of approximately 25 e-/px/s. Exposures were fractionated as four frames acquired as 

LZW-compressed TIFF images without normalisation and without binning. 

 

Tomogram Reconstruction and Subtomogram Averaging 

Frames were gain corrected, aligned and dose-weighted with the preprocessing script from the subTOM 

package (45) which executes IMOD’s alignframes and ctfplotter functions (46). Tilt series were aligned 

using IMOD’s etomo with patch tracking and 2D CTF correction applied by phase-flipping in IMOD. 

Tomograms were reconstructed at bin 2 using etomo by either weighted back-projection for 

subtomogram averaging or simultaneous iterative reconstruction technique (SIRT) for tomograms used 

for manual coordinate picking of the bridges’ ER and OMM anchor points, segmentations and for 
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figures. Bridge structures were manually picked using Dynamo (47) as dipole models of ER and OMM 

anchor points. The central point and axis between ER and OMM anchor points were used to define the 

coordinates for subtomogram extraction using the subTOM package which utilizes MATLAB 

(MathWorks) functions adapted from TOM (48), AV3 (49, 50), and Dynamo (47). The presented STA 

consists of 1098 subtomograms, extracted from 51 tomograms acquired at regions of lamella 

corresponding to ERMES puncta imaged by cryo-FM. See Supplementary Figure S3 for a schematic of 

the STA procedure. For initial template generation, a random spin rotation was applied to each 

subtomogram to minimise the effect of the preferential missing wedge upon subtomogram alignment. 

Subtomogram alignment was inspected between alignment iterations using the UCSF Chimera (51) 

plug-in Place Object (52). Subtomograms which aligned poorly and instead ‘migrated’ to align to the 

ER or OMM membranes, were found by visually inspecting the position of the average STA map placed 

at the positions of the subvolumes within each tomogram. These misaligned subtomograms were 

removed from the list of subtomogram positions used for STA before the subTOM analysis was re-run. 

The resolution of the resulting STA map was estimated to be 29 Å from the Fourier Shell Correlation 

curve at 0.143, generated according to (53), implemented through subTOM (45)(Supplementary Figure 

S4A). For this analysis, the STA map was masked (Supplementary Figure S4B). 

 

Analysis of the angle between bridge and OMM  

STA was used to align the subtomograms composing the bridge STA map to the OMM. The zenith 

rotational angle was compared between these two alignments to obtain the angle between the z-axis of 

the bridge STA map relative to the normal of the OMM. For this alignment, the subtomograms aligned 

before (Supplementary Figure S4) were repositioned so that the OMM-proximal end of the bridge was 

centred at the pivot point of the STA alignment search. The subtomograms were masked to include the 

OMM and a part of the bridge (Supplementary Figure S5C). The alignment search consisted of 5° zenith 

tilt-steps, from 0-60°, without in-plane rotation. The differences in zenith rotation of each subtomogram 

before and after this alignment were calculated in MATLAB (Mathworks) analyzed in R. 

 

Nearest neighbor analysis 

For the nearest neighbour analysis, the Euclidean distances between all the centers of subtomograms 

were calculated with MATLAB (Mathworks), and for each subtomogram the minimal distance was 

identified as the one to the nearest neighbor. For determining the distance to the nearest neighbor of the 
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ER and OMM anchor points, subtomograms were first re-centered on the ER or OMM anchor points, 

respectively, and the Euclidean distances to the nearest neighbors were determined as for the centers. 

 

Numerical data analysis 

Data was analyzed using MATLAB (Mathworks) and R (R Core Team, 2021). For figure panels, the 

data was plotted using ggplot2 (54) and raincloud plots (55). 

 

 

 

Segmentation and ultrastructure analysis 

Segmentation models of mitochondrial membranes, ER and peroxisomes were drawn manually in IMOD 

(46) and rendered for figure preparation in UCSF ChimeraX (56). To determine the surface area of the 

contact site, the ER membrane in proximity to the OMM was segmented in IMOD and its surface area 

was measured using imodinfo (46). The UCSF Chimera (51) plug-in Place Object (52) was used to place 

back the average map into tomographic coordinates and determine the number of ERMES bridges per 

surface area. For display of the STA average, the map was rendered in UCSF ChimeraX (56).  

 

Structural model and fitting 

For structure prediction, the sequences were modified as follows. Mmm1: Truncated the ER-interacting 

N-terminal side after the helical segment (residues: 1-161), as in the crystal structure (16)(PDB 

ID:5YK6). Mdm12: based on the structure from (25), the used sequence comprises only part of the loop 

between residues 73 and 115, adding 5 residues to each side of the broken loop (73-78) and (110-115). 

The loop has been shown to not be necessary for function (25). Mdm34: Only residues 1-200 were used, 

corresponding to the SMP domain. The C-terminal part is expected to be partially disordered based on 

secondary structure prediction and its interaction with the rest of the complex is currently unknown. 

Mdm10: Three regions facing the intermembrane space and one facing the cytoplasmic side of the 

membrane are likely disordered or partially disordered and were not included in the used sequence 

(residues 95-127, 219-224, 323-406, 452-473). None of the removed loop regions is expected to strongly 

affect the overall architecture of the model or is interacting with other modeled subunits (25, 57). 
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The ERMES complex structure was predicted by combining three dimer predictions (Mmm1/Mdm12, 

Mdm12/Mdm34, Mdm34/Mdm10) using the FoldDock (FD) protocol (26). We combined the 

predictions by aligning the common subunits of the predictions. To account for the different 

conformations adopted by Mdm34 in the Mdm12/Mdm34 and Mdm34/Mdm10 predictions, we 

performed a Targeted Molecular Dynamics simulation and changed the conformation of part of the 

subunit to match both interfaces. The simulation was performed using Mdm34 from the Mdm10/Mdm34 

predicted structure, using implicit Generalized Born solvent (e=80), added secondary structure restraints, 

and maintaining the regions interfacing with Mdm10 restrained to their initial positions with a harmonic 

force constant of 2 kcal mol-1 Å-2 on the residues 1-31, 75-130, 147-152. The simulation was performed 

using Charmm36m force-field parameters (58) Langevin dynamics at T = 310 K and a time step of 1 fs. 

The combination of the predictions from FD by aligning the central subunits (e.g. Mmm1/Mdm12-

Mdm12/Mdm34) results in a roughly linear arrangement of subunits. In addition to FD, we performed 

structural prediction using Alphafold-Multimer (27, 59). The dimeric structures are predicted in the same 

head-to-tail conformation, yielding an overall similar architecture. Interestingly, the FD structure shows 

a larger aperture at the Mdm12/Mdm34 interface (Supplementary Figure S8), possibly highlighting 

conformational changes that could promote lipid transport. 

 

A total of 4 POPE lipids were included in the Mmm1/Mdm12/Mdm34 complex (2:1:1) using lipid 

structures from the resolved crystal structures (where available) or added by similarity with other 

subunits. The complex (through Mdm10) was embedded in a POPC:POPE:POPI (50:35:15) membrane 

resembling an Outer Mitochondrial Membrane (OMM)-like composition (60), and solvated with TIP3P 

water. Sodium and chloride ions were added to give an ionic strength of approximately 120 mM. The 

total system size comprised approximately 330,000 atoms. The membrane system was prepared using 

Charmm-GUI (61). 

 

All simulations were performed using Charmm36m force-field parameters and an NPT ensemble 

with P = 1 atm, and Langevin dynamics at T = 310 K. The time step was set to 1 fs, and long-range 

electrostatics treated by the Particle Mesh Ewald (PME) method.  

 

After initial equilibration of the membrane (30 ns) while maintaining the protein restrained to its initial 

position, we biased the structure obtained with FD using a Molecular Dynamics Flexible Fitting 
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approach (MDFF) (62) and extended the simulation to 120 ns. The densities obtained from the 

experiments were used to generate a grid potential with a voxel size of 5.368 Å derived from the STA 

map. The density was trimmed and centered to contain only the region of interest. Additionally, we 

partially reduced the noise of the map by applying a gaussian filter. The grid-based potential was applied 

in the simulation to Mmm1, Mdm12, and the solvent-exposed region of Mdm34. We performed multiple 

tests to choose a suitable biasing potential (gscale 0.1/0.05/0.02 kcal mol-1, Supplemental Figure S7). 

The scaling factor (g_scale) determines the weight of the experimental STA map on the total molecular 

potential. We find that a value of 0.02 kcal mol-1 consolidates the accuracy of the density and the 

conformational changes induced by the application of the external potential.  

 

All the simulations were performed using NAMD Git2021-11-23 with CUDA acceleration (63). 

Analyses and system preparation were performed using VMD (64) and ChimeraX (58). Cavity detection 

was performed using CAVER 3.0 (65) with standard parameters set. 
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Figure 1. The number of molecules of ERMES components per MCS. A: Live cell imaging of 

budding yeast cells expressing Tom20-mCherry, marking mitochondria, and Mdm34-mNeonGreen, 

marking ERMES-mediated MCS. In the fluorescence image (top) white dashed outlines mark cell 

boundaries according to bright field image (bottom). B: Live cell FM of yeast cells expressing either 

Cse4-EGFP, Mmm1-EGFP, Mdm12-EGFP or Mdm34-EGFP. White dashed outlines mark cell 

boundaries. Cells expressing the kinetochore protein Cse4-EGFP, of which the number of molecules per 

diffraction limited spot is known (36) were used as a reference to determine the number of molecules of 

ERMES components. C: Fluorescence intensity quantifications of diffraction-limited puncta of EGFP-

tagged Cse4 (grey), Mmm1 (orange), Mdm12 (purple) and Mdm34 (green), represented as dot plots as 

well as half-violin plots. For each quantification, three experimental repeats are shown. Large dots 

represent the median, lines the MAD, of each experimental repeat. Left column indicates number of 

analyzed puncta. Using Cse4-EGFP as reference, fluorescence intensities were transformed into 

numbers of EGFP molecules/punctum (right column), of which median values with MAD are given. 

Scale bars are 3 µm.  
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Figure 2. ERMES-mediated MCS consist of bridge structures connecting the two membranes. A: 

The cryo-CLEM workflow includes three microscope steps. Thinning of cells into lamellae by cryo-FIB 

milling visualized by scanning EM (SEM); cryo-FM of lamellae to localize Mdm34-mNeonGreen 

marked ERMES puncta (white dashed circle); and cryo-transmission EM (TEM) for acquisition of 
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electron cryo-tomograms. B: Virtual slice through an electron cryo-tomogram acquired at an Mdm34-

mNeonGreen punctum, showing an ER-mitochondrial MCS. The ER, OMM and IMM are indicated. C: 

Zoom into the region in dashed pink box in B. The arrowheads indicate bridge-like connections between 

the ER and the OMM. D: The length of the bridge structures in nm. Dot plot and half-violin plot. Large 

dot indicates mean (24.2 nm, N=1098 bridges), lines the SD. E: The number of bridge structures found 

per electron cryo-tomogram acquired at Mdm34-mNeonGreen puncta. Dot plot and half-violin plot. 

Large dot indicates median (24, N=51 tomograms), lines MAD. F: 3D map of the bridge structure 

obtained by STA. The ER (top) and OMM (bottom) membranes are partially visible. G: STA map at 

higher contour level than in F, therefore membranes are not visible. Two views rotated by 90° along the 

major axis. The map represents the cytosolic portion of the bridge, with regions proximal to the ER and 

OMM indicated. Scale bars are 3 µm in A, 50 nm in B, 20 nm in C, and 5 nm in F.  
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Figure 3. Supramolecular organization of ERMES within MCS. A: Coordinates of ER membrane 

anchor points (orange), center points (purple) and OMM anchor points (green) in electron cryo-

tomograms. B: Three possible models how ERMES bridges could be arranged relative to each other, 

consistent with the STA map. Model 1: ERMES dimerizes via Mmm1 as observed in vitro (16). ER 

anchor points of neighboring bridges would be close to each other. Model 2: ERMES dimerizes via 

Mdm34 or Mdm10. OMM anchor points of neighboring bridges would be close to each other. Model 3: 

Neither model 1 nor 2 applies if neighboring bridges are similarly close at the ER, the bridge center and 

the OMM. C: Dot plot and half-violin plot of the distances between nearest neighboring bridges, 

measured between the ER anchor points (orange), the bridge centers (purple), and the OMM anchor 

points (green), respectively. Large dots indicate medians, lines MAD, both also given as numerical 

values. D: The angle by which each bridge is tilted relative to the OMM normal. Dot plot and half-violin 

plot. Large dot indicates median, lines MAD (N=1098 bridges). E: Segmentation model of an electron 

cryo-tomogram, showing the distribution of ERMES bridge structures within MCS. The STA map was 

placed at the positions of individual bridge structures, indicated by ‘ERMES’. OMM, IMM and ER are 

also indicated. F: The number of bridges per MCS, plotted as a function of the surface area of the ER 

membrane in contact with the OMM.  
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Figure 4. Integrative modeling of the ERMES complex. A: FD and MDFF approach (26, 62). The 

STA map was used to bias the conformation of the three SMP domains of ERMES. B: Predicted 

interfaces between Mmm1-Mdm12 (left), Mdm12-Mdm34 (center), and Mdm34-Mdm10 (right) in the 

model fit to the STA map. Interfacing residues (<3 Å) are shown as sticks. C: Radius of the cavity in 

the ERMES model. The three subunits show three distinct cavities, with bottlenecks at the subunit 

interfaces. D: Hydrophobic mismatch of Mdm10 (cyan) embedded in an OMM-like bilayer. Phosphate 

groups of the upper leaflet are colored according to their position along the z-axis (range: 10-25 Å from 

the bilayer center). Left: Density profiles of the Mdm10 backbone (cyan) and membrane phosphate 

groups (orange). Inset: Close-up representation of the Mdm34-Mdm10 interface, with the phosphate 

groups (orange) located near the Mdm34 cavity, indicated by black arrow. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/


 21 

References: 

1. Reinisch KM, Prinz WA. Mechanisms of nonvesicular lipid transport. J Cell Biol. 2021;220(3). 

2. Scorrano L, De Matteis MA, Emr S, Giordano F, Hajnoczky G, Kornmann B, Lackner LL, 

Levine TP, Pellegrini L, Reinisch K, Rizzuto R, Simmen T, Stenmark H, Ungermann C, Schuldiner M. 

Coming together to define membrane contact sites. Nat Commun. 2019;10(1):1287. 

3. Vance JE. Phospholipid synthesis in a membrane fraction associated with mitochondria. J Biol 

Chem. 1990;265(13):7248-56. 

4. Vance JE. Newly made phosphatidylserine and phosphatidylethanolamine are preferentially 

translocated between rat liver mitochondria and endoplasmic reticulum. J Biol Chem. 1991;266(1):89-

97. 

5. Achleitner G, Gaigg B, Krasser A, Kainersdorfer E, Kohlwein SD, Perktold A, Zellnig G, Daum 

G. Association between the endoplasmic reticulum and mitochondria of yeast facilitates interorganelle 

transport of phospholipids through membrane contact. Eur J Biochem. 1999;264(2):545-53. 

6. Kornmann B, Currie E, Collins SR, Schuldiner M, Nunnari J, Weissman JS, Walter P. An ER-

mitochondria tethering complex revealed by a synthetic biology screen. Science. 2009;325(5939):477-

81. 

7. Murley A, Lackner LL, Osman C, West M, Voeltz GK, Walter P, Nunnari J. ER-associated 

mitochondrial division links the distribution of mitochondria and mitochondrial DNA in yeast. eLife. 

2013;2:e00422. 

8. Kawano S, Tamura Y, Kojima R, Bala S, Asai E, Michel AH, Kornmann B, Riezman I, Riezman 

H, Sakae Y, Okamoto Y, Endo T. Structure-function insights into direct lipid transfer between 

membranes by Mmm1-Mdm12 of ERMES. J Cell Biol. 2018;217:959-74. 

9. John Peter AT, Peter M, Kornmann B. Interorganelle lipid flux revealed by enzymatic mass 

tagging in vivo. bioRxiv. 2021:2021.08.27.457935. 

10. Kopec KO, Alva V, Lupas AN. Homology of SMP domains to the TULIP superfamily of lipid-

binding proteins provides a structural basis for lipid exchange between ER and mitochondria. 

Bioinformatics. 2010;26(16):1927-31. 

11. Toulmay A, Prinz WA. A conserved membrane-binding domain targets proteins to organelle 

contact sites. J Cell Sci. 2012;125(Pt 1):49-58. 

12. Wong LH, Levine TP. Tubular lipid binding proteins (TULIPs) growing everywhere. Biochim 

Biophys Acta Mol Cell Res. 2017;1864(9):1439-49. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

13. Schauder CM, Wu X, Saheki Y, Narayanaswamy P, Torta F, Wenk MR, De Camilli P, Reinisch 

KM. Structure of a lipid-bound extended synaptotagmin indicates a role in lipid transfer. Nature. 

2014;510(7506):552-5. 

14. AhYoung AP, Jiang J, Zhang J, Khoi Dang X, Loo JA, Zhou ZH, Egea PF. Conserved SMP 

domains of the ERMES complex bind phospholipids and mediate tether assembly. Proc Natl Acad Sci 

U S A. 2015;112(25):E3179-88. 

15. Lees JA, Messa M, Sun EW, Wheeler H, Torta F, Wenk MR, De Camilli P, Reinisch KM. Lipid 

transport by TMEM24 at ER-plasma membrane contacts regulates pulsatile insulin secretion. Science. 

2017;355(6326). 

16. Jeong H, Park J, Jun Y, Lee C. Crystal structures of Mmm1 and Mdm12-Mmm1 reveal 

mechanistic insight into phospholipid trafficking at ER-mitochondria contact sites. Proc Natl Acad Sci 

U S A. 2017;114(45):E9502-E11. 

17. Hoffmann PC, Bharat TAM, Wozny MR, Boulanger J, Miller EA, Kukulski W. Tricalbins 

Contribute to Cellular Lipid Flux and Form Curved ER-PM Contacts that Are Bridged by Rod-Shaped 

Structures. Dev Cell. 2019;51(4):488-502 e8. 

18. Picco A, Mund M, Ries J, Nedelec F, Kaksonen M. Visualizing the functional architecture of the 

endocytic machinery. eLife. 2015;4. 

19. Picco A, Kaksonen M. Precise tracking of the dynamics of multiple proteins in endocytic events. 

Methods Cell Biol. 2017;139:51-68. 

20. Ellenrieder L, Opalinski L, Becker L, Kruger V, Mirus O, Straub SP, Ebell K, Flinner N, Stiller 

SB, Guiard B, Meisinger C, Wiedemann N, Schleiff E, Wagner R, Pfanner N, Becker T. Separating 

mitochondrial protein assembly and endoplasmic reticulum tethering by selective coupling of Mdm10. 

Nat Commun. 2016;7:13021. 

21. Stroud DA, Oeljeklaus S, Wiese S, Bohnert M, Lewandrowski U, Sickmann A, Guiard B, van 

der Laan M, Warscheid B, Wiedemann N. Composition and topology of the endoplasmic reticulum-

mitochondria encounter structure. J Mol Biol. 2011;413(4):743-50. 

22. Wagner FR, Watanabe R, Schampers R, Singh D, Persoon H, Schaffer M, Fruhstorfer P, Plitzko 

J, Villa E. Preparing samples from whole cells using focused-ion-beam milling for cryo-electron 

tomography. Nat Protoc. 2020;15(6):2041-70. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/


 23 

23. Cohen Y, Klug YA, Dimitrov L, Erez Z, Chuartzman SG, Elinger D, Yofe I, Soliman K, Gartner 

J, Thoms S, Schekman R, Elbaz-Alon Y, Zalckvar E, Schuldiner M. Peroxisomes are juxtaposed to 

strategic sites on mitochondria. Mol Biosyst. 2014;10(7):1742-8. 

24. Mattiazzi Usaj M, Brloznik M, Kaferle P, Zitnik M, Wolinski H, Leitner F, Kohlwein SD, Zupan 

B, Petrovic U. Genome-Wide Localization Study of Yeast Pex11 Identifies Peroxisome-Mitochondria 

Interactions through the ERMES Complex. J Mol Biol. 2015;427(11):2072-87. 

25. Jeong H, Park J, Lee C. Crystal structure of Mdm12 reveals the architecture and dynamic 

organization of the ERMES complex. EMBO Rep. 2016;17(12):1857-71. 

26. Bryant P, Pozzati G, Elofsson A. Improved prediction of protein-protein interactions using 

AlphaFold2. Nature Commun. 2022;13(1):1265. 

27. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, Tunyasuvunakool K, Bates 

R, Zidek A, Potapenko A, Bridgland A, Meyer C, Kohl SAA, Ballard AJ, Cowie A, Romera-Paredes B, 

Nikolov S, Jain R, Adler J, Back T, Petersen S, Reiman D, Clancy E, Zielinski M, Steinegger M, 

Pacholska M, Berghammer T, Bodenstein S, Silver D, Vinyals O, Senior AW, Kavukcuoglu K, Kohli 

P, Hassabis D. Highly accurate protein structure prediction with AlphaFold. Nature. 

2021;596(7873):583-9. 

28. Kornmann B, Osman C, Walter P. The conserved GTPase Gem1 regulates endoplasmic 

reticulum-mitochondria connections. Proc Natl Acad Sci U S A. 2011;108(34):14151-6. 

29. Rasul F, Zheng F, Dong F, He J, Liu L, Liu W, Cheema JY, Wei W, Fu C. Emr1 regulates the 

number of foci of the endoplasmic reticulum-mitochondria encounter structure complex. Nat Commun. 

2021;12(1):521. 

30. Li P, Lees JA, Lusk CP, Reinisch KM. Cryo-EM reconstruction of a VPS13 fragment reveals a 

long groove to channel lipids between membranes. J Cell Biol. 2020;219(5). 

31. Cai S, Wu Y, Guillen-Samander A, Hancock-Cerutti W, Liu J, De Camilli P. In situ architecture 

of the lipid transport protein VPS13C at ER-lysosomes membrane contacts. bioRxiv. 

2022:2022.03.08.482579. 

32. Janke C, Magiera MM, Rathfelder N, Taxis C, Reber S, Maekawa H, Moreno-Borchart A, 

Doenges G, Schwob E, Schiebel E, Knop M. A versatile toolbox for PCR-based tagging of yeast genes: 

new fluorescent proteins, more markers and promoter substitution cassettes. Yeast. 2004;21(11):947-62. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/


 24 

33. Shaner NC, Lambert GG, Chammas A, Ni Y, Cranfill PJ, Baird MA, Sell BR, Allen JR, Day 

RN, Israelsson M, Davidson MW, Wang J. A bright monomeric green fluorescent protein derived from 

Branchiostoma lanceolatum. Nat Methods. 2013;10(5):407-9. 

34. Picco A, Mund M, Ries J, Nédélec F, Kaksonen M. Visualizing the functional architecture of the 

endocytic machinery. eLife. 2015;4. 

35. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden 

C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A. 

Fiji: an open-source platform for biological-image analysis. Nature methods. 2012;9(7):676-82. 

36. Lawrimore J, Bloom KS, Salmon ED. Point centromeres contain more than a single centromere-

specific Cse4 (CENP-A) nucleosome. J Cell Biol. 2011;195(4):573-82. 

37. Joglekar AP, Bouck DC, Molk JN, Bloom KS, Salmon ED. Molecular architecture of a 

kinetochore-microtubule attachment site. Nat Cell Biol. 2006;8:581-5. 

38. Russo CJ, Scotcher S, Kyte M. A precision cryostat design for manual and semi-automated cryo-

plunge instruments. Rev Sci Instrum. 2016;87(11):114302. 

39. Schaffer M, Engel BD, Laugks T, Mahamid J, Plitzko JM, Baumeister W. Cryo-focused Ion 

Beam Sample Preparation for Imaging Vitreous Cells by Cryo-electron Tomography. Bio Protoc. 

2015;5(17). 

40. Wolff G, Limpens R, Zheng S, Snijder EJ, Agard DA, Koster AJ, Barcena M. Mind the gap: 

Micro-expansion joints drastically decrease the bending of FIB-milled cryo-lamellae. J Struct Biol. 

2019;208(3):107389. 

41. Mastronarde DN. Automated electron microscope tomography using robust prediction of 

specimen movements. J Struct Biol. 2005;152(1):36-51. 

42. Paul-Gilloteaux P, Heiligenstein X, Belle M, Domart MC, Larijani B, Collinson L, Raposo G, 

Salamero J. eC-CLEM: flexible multidimensional registration software for correlative microscopies. Nat 

Methods. 2017;14(2):102-3. 

43. Hagen WJ, Wan W, Briggs JA. Implementation of a cryo-electron tomography tilt-scheme 

optimized for high resolution subtomogram averaging. J Struct Biol. 2017;197(2):191-8. 

44. Bharat TAM, Hoffmann PC, Kukulski W. Correlative Microscopy of Vitreous Sections Provides 

Insights into BAR-Domain Organization In Situ. Structure. 2018;26(6):879-86 e3. 

45. Tremel S, Ohashi Y, Morado DR, Bertram J, Perisic O, Brandt LTL, von Wrisberg MK, Chen 

ZA, Maslen SL, Kovtun O, Skehel M, Rappsilber J, Lang K, Munro S, Briggs JAG, Williams RL. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/


 25 

Structural basis for VPS34 kinase activation by Rab1 and Rab5 on membranes. Nat Commun. 

2021;12(1):1564. 

46. Kremer JR, Mastronarde DN, McIntosh JR. Computer visualization of three-dimensional image 

data using IMOD. J Struct Biol. 1996;116:71-6. 

47. Castano-Diez D, Kudryashev M, Arheit M, Stahlberg H. Dynamo: a flexible, user-friendly 

development tool for subtomogram averaging of cryo-EM data in high-performance computing 

environments. J Struct Biol. 2012;178(2):139-51. 

48. Nickell S, Forster F, Linaroudis A, Net WD, Beck F, Hegerl R, Baumeister W, Plitzko JM. TOM 

software toolbox: acquisition and analysis for electron tomography. J Struct Biol. 2005;149(3):227-34. 

49. Forster F, Medalia O, Zauberman N, Baumeister W, Fass D. Retrovirus envelope protein 

complex structure in situ studied by cryo-electron tomography. Proc Natl Acad Sci U S A. 

2005;102(13):4729-34. 

50. Forster F, Hegerl R. Structure determination in situ by averaging of tomograms. Methods Cell 

Biol. 2007;79:741-67. 

51. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE. UCSF 

Chimera--a visualization system for exploratory research and analysis. J Comput Chem. 

2004;25(13):1605-12. 

52. Qu K, Glass B, Dolezal M, Schur FKM, Murciano B, Rein A, Rumlova M, Ruml T, Krausslich 

HG, Briggs JAG. Structure and architecture of immature and mature murine leukemia virus capsids. 

Proc Natl Acad Sci U S A. 2018;115(50):E11751-E60. 

53. Chen S, McMullan G, Faruqi AR, Murshudov GN, Short JM, Scheres SH, Henderson R. High-

resolution noise substitution to measure overfitting and validate resolution in 3D structure determination 

by single particle electron cryomicroscopy. Ultramicroscopy. 2013;135:24-35. 

54. Wickham H. ggplot2: Elegant Graphics for Data Analysis: Springer-Verlag New York; 2016. 

55. Allen M, Poggiali D, Whitaker K, Rhys Marshall T, Kievit RA. Raincloud plots: a multi-platform 

tool for robust data visualization [version 1; peer review: 2 approved] Wellcome Open Research2019. 

56. Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll TI, Morris JH, Ferrin TE. 

UCSF ChimeraX: Structure visualization for researchers, educators, and developers. Protein Sci. 

2021;30(1):70-82. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/


 26 

57. Flinner N, Ellenrieder L, Stiller SB, Becker T, Schleiff E, Mirus O. Mdm10 is an ancient 

eukaryotic porin co-occurring with the ERMES complex. Biochim Biophys Acta. 2013;1833(12):3314-

25. 

58. Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, Ferrin TE. UCSF 

ChimeraX: Meeting modern challenges in visualization and analysis. Protein Sci. 2018;27(1):14-25. 

59. Evans R, O'Neill M, Pritzel A, Antropova N, Senior AW, Green T, Žídek A, Bates R, Blackwell 

S, Yim J, Ronneberger O, Bodenstein S, Zielinski M, Bridgland A, Potapenko A, Cowie A, 

Tunyasuvunakool K, Jain R, Clancy E, Kohli P, Jumper J, Hassabis D. Protein complex prediction with 

AlphaFold-Multimer. bioRxiv. 2022:2021.10.04.463034. 

60. Sperka-Gottlieb CD, Hermetter A, Paltauf F, Daum G. Lipid topology and physical properties of 

the outer mitochondrial membrane of the yeast, Saccharomyces cerevisiae. Biochim Biophys Acta. 

1988;946(2):227-34. 

61. Jo S, Kim T, Iyer VG, Im W. CHARMM-GUI: a web-based graphical user interface for 

CHARMM. J Comput Chem. 2008;29(11):1859-65. 

62. Trabuco LG, Villa E, Mitra K, Frank J, Schulten K. Flexible fitting of atomic structures into 

electron microscopy maps using molecular dynamics. Structure. 2008;16(5):673-83. 

63. Phillips JC, Hardy DJ, Maia JDC, Stone JE, Ribeiro JV, Bernardi RC, Buch R, Fiorin G, Henin 

J, Jiang W, McGreevy R, Melo MCR, Radak BK, Skeel RD, Singharoy A, Wang Y, Roux B, 

Aksimentiev A, Luthey-Schulten Z, Kale LV, Schulten K, Chipot C, Tajkhorshid E. Scalable molecular 

dynamics on CPU and GPU architectures with NAMD. J Chem Phys. 2020;153(4):044130. 

64. Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. J Mol Graph. 

1996;14(1):33-8, 27-8. 

65. Chovancova E, Pavelka A, Benes P, Strnad O, Brezovsky J, Kozlikova B, Gora A, Sustr V, 

Klvana M, Medek P, Biedermannova L, Sochor J, Damborsky J. CAVER 3.0: a tool for the analysis of 

transport pathways in dynamic protein structures. PLoS Comput Biol. 2012;8(10):e1002708. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.12.488000doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.12.488000
http://creativecommons.org/licenses/by-nc-nd/4.0/

