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To coordinate cellular physiology, eukaryotic cells rely on the rapid exchange of
molecules at specialized organelle-organelle contact sites"?. Endoplasmic reticulum-
mitochondrial contact sites (ERMCSs) are particularly vital communication hubs,
playing key roles in the exchange of signalling molecules, lipids and metabolites®*.
ERMCSs are maintained by interactions between complementary tethering molecules
onthesurface of each organelle*®. However, due to the extreme sensitivity of these
membrane interfaces to experimental perturbation”®, a clear understanding of

their nanoscale organization and regulation s still lacking. Here we combine
three-dimensional electron microscopy with high-speed molecular tracking of a
model organelle tether, Vesicle-associated membrane protein (VAMP)-associated
protein B (VAPB), to map the structure and diffusion landscape of ERMCSs. We
uncovered dynamic subdomains within VAPB contact sites that correlate with ER
membrane curvature and undergo rapid remodelling. We show that VAPB molecules
enter and leave ERMCSs within seconds, despite the contact site itself remaining
stable over much longer time scales. This metastability allows ERMCSs to remodel
with changes in the physiological environment to accommodate metabolic needs of
the cell. Anamyotrophic lateral sclerosis-associated mutation in VAPB perturbs these
subdomains, likely impairing their remodelling capacity and resulting in impaired
interorganelle communication. These results establish high-speed single-molecule
imaging as anew tool for mapping the structure of contact site interfaces and reveal
that the diffusion landscape of VAPB at contact sites is a crucial component of ERMCS

homeostasis.

The most prevalentsites of contact between organellesin mammalian
cellsare between the endoplasmic reticulum (ER) and mitochondria®°.
Thisinterface hasbeenimplicated in amultitude of biological processes
in both health and disease, ranging from lipid synthesis and catabo-
lism to calcium signalling and facilitation of cellular respiration**.,
Commonly referred to as ER-mitochondria contact sites (ERMCSs) or
mitochondria-ER contactsites (MERCs), these structuresare ubiquitous
ineukaryotes and may exist in several distinct forms (see Supplemen-
tary Text, sections 2a-b for full discussion)***2, Nevertheless, technical
limitations have limited our understanding of many aspects of ERMCS
biology, as the structures are exquisitely sensitive to fixation artefacts
and show remarkable biological heterogeneity eveninsingle cells. As
aresult, biochemistry-based approaches often suffer from averaging
artefacts, and most existing labelling technologies are perturbative to

ERMCS size, structure and regulation (see Supplementary Text, sec-
tions 1and 2 for discussion)’. In particular, our understanding of the
dynamicregulation of their molecular components and substructure
is lacking. Here, we introduce quantitative imaging approaches that
combine three-dimensional (3D) electron microscopy and live cell,
high-speed single-moleculeimaging to describe the substructure and
dynamics of molecules within ERMCSs under different physiological
and pathological conditions.

Specificsites of contact between ER and mitochondria are mediated
in trans by pairs of molecular tethers (Fig.1a)*¢. One well-established
ERMCS tether is the ER-localized Vesicle-associated membrane protein
(VAMP)-associated protein B (VAPB)™*5, which interacts with mito-
chondrial binding partners to facilitate calcium and lipid transfer’®"”
and can harbour mutations that cause a severe form of motor neuron
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Fig.1|Altered ER tether motion at ER-mitochondria contactsites.

a, Cartoonindicating ER-mitochondrial tethering.b, 3D FIB-SEM reconstruction
of ER (cyan), mitochondria (blue) and ERMCSs (red). Inset shows representative
EMslice overlaid with segmentation masks. ¢, 3D reconstruction of an ERMCS
with aligned cristae.d, Single-molecule tracersusedin e-f. e, sptPALM
trajectories of either non-specific tail anchor (TA, top) or VAPB (bottom)
overlaid on ERreferenceimage (KDEL, white). Arrows indicate regions of
spatially correlated motion. f, Spatial probability maps for TA (top) or VAPB
(bottom) generated from trajectoriesin e. Hotspots indicate likely sites of
VAPBtethering. e-fare representative examples of n =13 (TA, regionsiand ii)
orn=24(VAPB, regionsiiiandiv) cells.g, 3D EM reconstruction of contact sites
(CS) (red) between ER (cyan) and mitochondria (not shown), with simulated
sptPALM localization densities from the volume projected below. Dashed lines
indicate mitochondriaborders. h, Simulated localization densities from g.

i, Contactsize measured from FIB-SEM simulation projections or fromsingle-
moleculelocalization density (n =466 contact sites (sptPALM), 38 contact

disease'®", The best characterized binding partner for VAPB in the mito-
chondria is the outer mitochondrial membrane (OMM) component,
protein tyrosine phosphatase interacting protein 51 (PTPIP51)*1620,
To visualize the 3D architecture of ERMCSs where VAPB and PTPIP51
could potentially interact, we used high pressure freezing followed by
freeze-substitution and focused ion beam-scanning electron micros-
copy (FIB-SEM)?. This approach preserves contact sites in their near
native state®, avoiding chemical fixation artefacts that might disrupt
their delicate organization®*?* (Supplementary Text, section 3a). ER
and mitochondriain small volumes from several COS7 cells were manu-
ally reconstructed. We identified contact sites as regions of ER mem-
brane within 24 nm of the OMM, the predicted tethering distance of
VAPB™? (Fig. 1b, Extended Data Fig.1a-c and Supplementary Video 1;
see Methods and Supplementary Text, section 3b, for details). ERMCSs
were highly abundant in the FIB-SEM volumes, often appearing near
the base of mitochondrial cristae (Fig. 1c and Extended Data Fig. 1c)
or atregions of constriction in the OMM (Extended Data Fig. 1b). The
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placement of these sitesis consistent with the known roles of ERMCSs
in mitochondrial energy production and mitochondrial fission® %,

We next sought to characterize ERMCSs at the molecular levelin the
dynamic setting of aliving cell. Single particle tracking-photoactivation
localization microscopy (sptPALM)?® was used to follow the motion
of individual VAPB molecules, while simultaneously capturing the
location of the ER, a necessary requirement to minimize artefacts in
formingtrajectories (Supplementary Video 2 and Supplementary Text,
sections 6a-b). Single molecules of VAPB and other proteins in this
system were visualized by genetically fusing them to a HaloTag and
labelling them with a photoactivatable version of JF646 (ref.29), which
was photoconverted at very low efficiency to ensure single proteins
were tracked correctly with minimal linking artefacts (Fig. 1d and Sup-
plementary Video 2).

To interpret patterns of molecular motion, we first used a probe
that does not associate with contact sites, a HaloTag-targeted to the
ER with aminimal tail anchor (HaloTag-TA). We found that it explored



the surface of the ER randomly, showing no detectable preferences
for any specific ER regions (Fig. 1e, tail anchor). By contrast, when we
then tracked VAPB, we observed clusters of highly spatially associ-
ated trajectories (Fig. 1e, VAPB, see black arrows). By converting all
trajectories within a specific time window to a spatially defined prob-
ability function (Methods), locations of spatially associated trajectories
appeared as ER regions with elevated probability of VAPB localization
(Fig.1f). These probability “hotspots” were present in the VAPB dataset
but not with Halo-TA (Fig. 1f), and they were consistent with the size of
ERMCSs extracted from FIB-SEM volumes when analysed at a similar
spatial resolution (Fig. 1g-i and Extended Data Fig. 1d, see Methods
for more details).

Simultaneous imaging of ER and mitochondria in conjunction
with sptPALM confirmed that the majority of VAPB hotspots were
located on regions of ER close to mitochondria (Fig. 1j and Supple-
mentary Video 2), consistent with hotspots being areas of increased
ER-mitochondria tethering. Of note, some probability hotspots also
occurredinregions of ERwith no mitochondrianearby (Fig.1j, arrows,
and Extended Data Fig. 2), as expected due to VAPB’s known role as a
tether for additional organelles™". The formation of VAPB hotspots
was entirely dependent on the ability of the proteinto act as atether by
bindingits interaction partner throughits N-terminal cytosolic domain.
Truncation of this N-terminal domain abrogated hotspot formation
and, conversely, fusion of the N-terminal domain to the ER-targeted TA
control was sufficient to form hotspots (Fig. 1k-m). We thus concluded
that VAPB-associated hotspots at mitochondria represented tether
interactions at bona fide ERMCSs.

Inadditionto providing a super-resolved image of ERMCSsin living
cells, our sptPALM-based approach permitted analysis of how indi-
vidual VAPB molecules interacted with an ERMCS over time. Notably,
not all VAPB molecules that encountered a contact site showed direct
engagement, and the probability of engagement was variable between
ERMCSs, even in a single cell (Extended Data Fig. 3a-e). Remark-
ably, engaged VAPB molecules resided within a contact site only very
briefly, withmost molecules leaving the site on millisecond time scales
(Fig. 2a-d and Supplementary Video 3, median dwell time = 556 ms).
This dynamic exchange was nearly ten times faster than that reported
for molecules at sites of ER contact with the plasma membrane (Sup-
plementary Text, section2c-d), underscoring therapid rearrangements
of VAPB and other molecules at this interface.

Tounderstand these transient interactions more quantitatively, we
utilized a non-parametric Bayesian approach®. Trajectories of suffi-
cientlength (greater than 500 steps, approximately 5.5 s) were broken
into segments that were estimated to represent distinct kinetic states™
(Supplementary Text, sections 6d-e). This allowed classification of
segments that were either freely diffusing in the ER (blue) or contact
site-associated (red) (Fig. 2e,f and Extended Data Fig. 4a-c). When
analysed over many contactsites in multiple cells, we found that single
VAPB molecules in ERMCSs showed significantly reduced diffusion
(D.) relative to VAPB molecules in surrounding ER tubules (Fig. 2g).
Atthe same time, VAPB molecules within ERMCSs retained signatures
of diffusive motion compared to immobilized bead controls (Fig. 2h;
see Supplementary Text, section 6d-e, for details), indicating that
VAPB molecules within contact sites still underwent dynamic motion
(see Supplementary Text, section 2c, for discussion).

Although some ERMCSs moved during the experiment or were
short-lived (less than 1 min) (Extended Data Fig. 5), most remained
stable over 60-90 s of imaging. During this time, many individual VAPB
molecules repeatedly explored the same contact site interface. To
map the diffusion landscape at this interface, we divided the contact
siteinto smallregions and analysed the average diffusion of trajectory
segments within each neighbourhood (Extended Data Fig. 6a-fand
Supplementary Text, section 6¢)****, Examining the diffusive behav-
iour of VAPB in each stable contact site in our dataset, we discovered
a consistent pattern in the VAPB diffusion landscape. Every contact

site examined shared a central subdomain of low diffusion that gradu-
ally returned to the diffusion landscape of the surrounding ER at the
edges ofthe contactsite (Fig. 2i-k). The location and shape of this low
diffusion subdomain closely correlated to the likelihood of finding a
VAPB molecule (Fig. 2k), indicating that sites of slowed diffusion in
the central subdomain were also elevated in tether abundance. This
suggested that the VAPB-enriched central subdomain, where VAPB
tether concentration was greatest, could represent the region of the
contact site where adhesive forces were greatest.

To determine whether there were areas of increased adhesion
between ER and mitochondria, and if so, what their distribution was
across the contact site, we examined ERMCSs in our FIB-SEM data sets.
Examining local curvature of the ER in each contact site (Supplemen-
tary Text, section 3d-e), we found that the ER membrane had adistinct
region of net negative curvature at its centre (Fig. 2I,m, arrows). In
this core region of the ERMCS, the ER adopted the inverse shape of
the mitochondrion to which it was bound. This suggested adhesive
tetheringinthisregionis sufficient to deform the ER membrane from
its normal high degree of positive mean curvature observed outside
of the contactsite (Extended Data Fig. 7a-f).

To address whether these regions of negative local ER curvature
correlated with the VAPB low diffusion subdomains described above,
we aligned all sptPALM-detected contact sites localized along simple
tubular ER structures to the direction of the incoming ER tubule (as
done in Extended Data Fig. 7 for FIB-SEM). The summed probability
density at these contact sites afforded increased resolution and showed
that the distinct peak of VAPB intensity had clear probability shoulders
extending into the surrounding ER tubule (Fig. 2n, red and grey bars,
and Extended Data Fig. 6g). This resulting probability distribution
closely resembled the pattern of negative/positive curvature areas
within contact sites from FIB-SEM data sets (Fig.2m). Therefore, both
structural FIB-SEM data and patterns of VAPB molecular diffusion sup-
portthe presence of acentral subdomain within ERMCSs that has higher
VAPB abundance and greater adhesion properties. The gradual change
in VAPB diffusion and tether abundance moving into the central sub-
domain suggest contact sites may exist as metastable interfaces. In
this model, ERMCSs would be characterized by many transient bind-
ing events, whose likelihood gradually increases toward the central
subdomain, consistent with the rapid tether exchange observed above
(Fig. 2a-d). Such a model would predict adhesive tethering forces in
the contactsite are likely not evenly spread throughout the structure,
instead being preferentially enriched at the central subdomain, result-
inginthe observed negative curvature.

To understand how the overall size of ERMCSs is regulated, we
examined ERMCS size dependency on the availability of an associ-
ated tethering partner. We transiently overexpressed PTPIP51 (Fig. 3a)
in COS7 cells and performed sptPALM experiments. Contact site size
significantly increased and covered large portions of the mitochondria
compared to control cells not expressing PTPIP51 (Fig. 3b). The ERMCS
expansion occurred across both axes of the structure (Fig. 3¢,d). To
test whether contact site expansion was equally dependent on both
members of the tethering pair, we labelled the ER and mitochondria
in COS7 cells and overexpressed either VAPB or PITPIP51, evaluating
ER and mitochondrial morphology by Airyscanimaging. ER and mito-
chondrial morphology were insensitive to overexpression of VAPB
at the time points assayed, but there were dramatic rearrangements
upon overexpression of PTPIP51, with the ER now completely envel-
oping most mitochondria (Fig. 3e). Despite this dramatic structural
rearrangement, analysis of the sptPALM data showed no increase in
the total number of contact sites per cell. There was, however, aloss
of nearly all VAPB contact sites associated with organelles other than
mitochondriaand asignificant enrichmentin the proportion of VAPB
on mitochondria at any moment (Fig. 3f). This suggested that in this
condition VAPB-binding at the mitochondria outcompeted its poten-
tial interactions at non-mitochondria associated sites. In agreement,
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48segmentsin ERMCSs; P<0.0001, two-sided Mann-Whitney, error bars show
95% confidenceinterval of the median). h, Representative centre-aligned

cells highly overexpressing both VAPB and PTPIP51showed essentially
complete depletion of the ER pool of VAPB, with the protein instead
enriched at expanded contact sites (Fig. 3g). Thus, the availability of
mitochondrial tethers controls VAPB-mediated tethering between ER
and mitochondria.

We next explored how ERMCS structure and dynamics adapt to
physiological challenges for meeting cellular needs. Prior biochemi-
cal and cryo-EM studies have suggested ERMCSs expand and change
composition during acute nutrient deprivation™**"*”. These changes are
proposed to provide crucial lipids and calcium to mitochondria to fuel
oxidative phosphorylation or stimulate apoptosis®***. To investigate
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(b,e,fij),2 um (h). Timebar,1s(f).

this expansionandits effects on contact site substructure, we employed
our sptPALM approach. VAPB trajectories were used to measure the
size and organization of contact sites in COS7 cells after 8 h of acute
nutrientdeprivation, achieved by culturing the cellsin Hanks’ balanced
saltsolution (HBSS). A significant expansion in the size of contact sites
was observed (Fig. 3h-j). Mapping the diffusion landscape of VAPB in
contactsites within starved cells, we observed that they still contained
asingle central low diffusion subdomain despite their expanded size
and shape (Fig. 3k, and Extended Data Fig. 8a-c). The effective diffu-
sion coefficient of VAPB within the central subdomain, however, was
significantly lower than that measured in contact sites from well-fed
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cells, despite continued VAPB interaction with both ERMCSs and con-
tactsites with other organelles (Fig. 31,m and Extended DataFig. 8d,e).
These results indicated that even though ERMCSs become larger in
starved cells, they maintain their dynamic properties. VAPB molecules
arestill highly enriched in central subdomains and retain the ability to
move inand out of the contact site rapidly. This dynamic remodelling
of the ERMCS into an expanded interface under starvation likely ena-
bles the ER and mitochondria to engage in more efficient metabolite
exchange for cell survival.

Subsequently, we examined whether disease-causing forms of VAPB
affected contact site organization. Several mutations in the gene
encoding VAPB are causative for the motor neuron disease amyo-
trophic lateral sclerosis (ALS)'. In patients, ALS is most clearly asso-
ciated with hyper-functional mitochondria and associated oxidative

Control Starved

multiple comparisonstest, two-sided). g, Airyscan micrograph of TA (cyan) and
VAPB (red) ina COS7 overexpressing PTPIPS1 (untagged). h, Representative
VAPB localization density at ERMCSs in control (complete medium) or starved
(HBSS 8 h) cells. Line profiles indicate axes used for i; dashed lines indicate
contactsiteboundaries. i, Overlaid ERMCS footprints fromh. j, Contact site
sizeincontrol or starved cells (n =160 ERMCSs (control), 96 ERMCSs (starved);
major P<0.0001, minor P< 0.0001; Dunn’s multiple comparisons test, two-sided);
lineindicates confocal microscopy resolution limit. k, Single-molecule steps
associated with the contactsitesinh, coloured by the mean2D D in thelocal
neighbourhood.1, Effective 2D diffusion coefficient of VAPB from h, normalized
toneighbouring ERregions (dashed line indicates contact site centre). m, Mean
2D D within contactsitesin either control or starved cells (n =160 ERMCSs
(control), 96 ERMCSs (starved); P=0.0068; Dunn’s multiple comparisons test,
two-sided). Error barsindicate 95% confidenceinterval of the median. Scale
bars,200 nm (b,h,k),2.5 um (e), 2.5 um (g).

stress*®*., Disease-causing VAPB mutations generally encode more
aggregation-prone versions of the protein and confer disease as a
dominant, highly penetrant allele*’. Aggregated VAPB molecules are
non-functional®*and degrade quickly*, so disease states have been
proposed to be conveyed through toxic effects of aggregates or by
gene dosage effects due to aggregated proteins being degraded*. An
additional possibility, however, is that before becoming immobilized
in aggregates and eventually degraded, mutant VAPB molecules in
the ER target to ERMCSs and cause aberrant contact site dynamics
and/or function.

Todistinguishbetween these possibilities, we tracked the motion of
single VAPB molecules carrying the well-characterized ALS8 missense
mutation (P56S) found in the MSP domain responsible for mitochondria
interaction (Fig. 4a)'**%. In agreement with results from biochemical
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Fig.4|The ALS-linked VAPB P56S mutationdisplays aberrant motility at
ER-mitochondria contactsites. a, A cartoonindicating the approximate
location of the P56S mutation in the MSP domain of VAPB. b, Selected
moleculartrajectories of P56S VAPBin arepresentative COS7 cell. Tracks are
colour coded by their primary state of motion (Methods). ¢, Grouped and
overlaid representative trajectory segments of P56S VAPB in COS7 cells.

d, Localization densityinarepresentative ERMCS of HaloTag fused to either
WT or P56S VAPB and corresponding local diffusion maps. Note the existence
of multiple distinct low diffusion wellsin the P56S VAPB ERMCS landscape,
some of which correspond to high net tether density (red arrows) and some of
which donot (bluearrow). Dotted lines delineate the edge of the contactsite.

studies describinginsoluble ER-associated aggregates'****°, many P56S
VAPB molecules were in an immobilized form (Fig. 4b,c, grey), rarely
changing to other dynamic states. A significant fraction of P56S VAPB
molecules also showed signatures of free ER diffusion like wild-type
(WT) VAPB (Fig. 4b,c), indicating that some P56S VAPB molecules are
still effectively inserted into the ERin an unaggregated form. Notably,
however, an additional pool of P56S VAPB molecules showed distinct
signatures of contact site-associated motion (Fig. 4b,c). This dem-
onstrated that some P56S VAPB molecules still reached ERMCSs and
raised the possibility that P56S VAPB might impair ERMCS structure
and/or dynamics.

To assess whether P56S VAPB molecules impact ERMCSs, we com-
pared the properties of contact sites derived from trajectories of WT
VAPB or P56S VAPB. Although P56S VAPB-containing contact sites
often qualitatively looked very similar to WT VAPB contact sites, they
showed aslight but statistically significantincreasein size and decrease
ineffective diffusion (Extended Data Fig. 9a-d). However, examination
of ERMCS subdomain architecture and VAPB dynamics at the nanoscale
revealed striking differences. P56S VAPB-containing contact sites,
unlike their WT counterparts, often showed multiple distinct low dif-
fusion subdomains (Fig.4d and Extended Data Fig. 9e,f), some of which
were surprisingly not correlated to tether density at all. Thus, these
subdomains unlikely represent the metastable structures universally
observed in WT contact sites. Here, P56S VAPB molecules appeared
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Observed dwell time (s)

e, Singlerepresentative ERMCSs of WT or P56S VAPB with the trajectory
traversed by asingle VAPB molecule plotted above. Note the effective
confinement of P56S VAPB resultinginatrapped state, the molecule does not
encounter the edges of the ERMCS. f, Quantification of the mean proportion
of moleculestrappedin WT or P56S VAPB ERMCSs for the full lifetime of the
fluorochrome. (n=160 (WT),120 (P56S) contact sites, bars show mean +s.e.m.;
P<0.0001, two-sided Mann-Whitney test). g, Observed dwell times for WT or
P56S VAPB moleculesin ERMCSs and the associated cumulative distribution
function for trajectoriesin the boundstate (n=734 (WT), 483 (P56S) binding
interactions; median values: WT, 715 ms; P56S,1.358 s). Scale bars, 5 pm

(b), 2 um (¢, left), 500 nm (c, right), 200 nm (d), 250 nm (e).

trapped, showing a high degree of confinement within the subdo-
mainrather than exploring the entire ERMCS (Fig. 4e). Consequently,
asignificant fraction of tracked P56S VAPB molecules remainedin the
ERMCS for the entirety of the trajectory lifetime (Fig. 4f), a result of
theirimpaired capacity to reach the contact site edges and escape from
the ERMCS. Indeed, the observed dwell time of P56S VAPB molecules
in ERMCSs was significantly longer than that of WT VAPB molecules,
suggesting P56S VAPB expression causes a dramatic change in the
overall organization and plasticity of the ERMCS interface.

Discussion

ERMCS are central hubs for cellular metabolism that regulate lipid and
metabolite exchange between ER and mitochondria. Here we provide
direct observations of the behaviour and organization of tethering
machinery comprising these crucial structuresinaliving cell. Existing
models of interorganelle contact sites generally depict protein com-
plexesthat tether stably together for many seconds. Indeed, prior work
examining the dynamism of molecules at ER-plasma membrane con-
tactsites have reported dwell times of tens of seconds to minutes®’, sug-
gesting an overall pseudo-stability. Our results using both high-speed
molecular tracking of VAPB tethers and structural volumetric FIB-SEM
paintadifferent picture of ERMCSs. ERMCSs exhibit exceptional plastic-
ity, with dwell times of VAPB approximately ten times more transient



than those reported for proteins at ER-plasma membrane contact
sites. Despite this dynamism, ERMCSs maintained spatially organized
subdomains in the steady state, enabling contact site remodelling in
response to starvation. Underscoring the importance of this meta-
stability, we showed disease-causing mutations in VAPB disrupt this
architecture and plasticity. The unprecedented dynamic exchange of
components and exquisitely maintained nanoscale structure that we
report here present a new paradigm for understanding ERMCSs and
will help direct future work aimed at characterizing the biology and
function of contact sites.

Akeyimplication of these findingsis thatinteractions between teth-
ers likely consist of many rapid binding and unbinding events across
the entire structure of the contact site, consistent with the known low
affinity of VAPB for FFAT-containing binding partners like PTPIP51
(refs.14,17,51). Thisresultsinagradual increase in the VAPB abundance
across the contact site with a clear peak at the centre, where the likeli-
hood of rebinding events would be elevated due to anincreased density
of potential tethering molecules. Additionally, this higher abundance
oftethers towards the centre of the contact site would be predicted to
provideincreased adhesive force between the two membranes, a phe-
nomenon we could directly observe as regions of negative curvature
inthe centre of ERMCSs in FIB-SEM data sets. The surrounding edge
regions of the contact site could serve as important staging sites for
other ERMCS-associated activities. Supporting thisidea, the location
of ERMCSs directly correlated to the location of mitochondrial cristae
and sites of constriction in the mitochondrial membrane, biological
phenomenathat require recruitment of specific cellular machineryin
addition to tethers® 223,

Our results further revealed ERMCS interfaces exhibited plastic-
ity, being able to adjust their structure and organization to different
conditions. The size and shape of contact sites, for example, could be
regulated through the availability of tethering partners like PTPIP51.
Moreover, they became larger and exhibited reduced VAPB mobil-
ity during nutrient deprivation, which likely allows more efficient
interorganelle metabolite transfer, as has been previously reported
in biochemical studies of cells undergoing acute starvation®**¥, One
way these contact site transformations might occur physiologically
is through regulation of either VAPB-PTPIP51 interactions or lateral
associations between VAPB molecules within the ER via posttransla-
tional modification of either component (as suggested at ER-plasma
membrane contacts, see Supplementary Text, section 2c, for discus-
sion). Indeed, there is biochemical data suggesting posttranslational
modifications of both components are precisely regulated™"*"5*%,
The dynamic exchange of VAPB molecules we observe between ERMCS
and the surrounding ER suggests that posttranslational modifications
to VAPB need not occur within the contact site, since the ERMCS- and
ER-localized pools will rapidly equilibrate. Access to the spatially con-
fined ERMCS environment would likely provide steric challenges for
the bulky phosphatases and kinases implicated in VAPB regulation. We
suspect that this strategy could be a generic regulatory mechanism,
applying to other tethers and contact sites.

The importance of the dynamic exchange of VAPB at ERMCSs was
underscored by our high-speed tracking of P56S VAPB. Although most
P56S VAPB molecules were aggregated or undergoing free ER diffusion,
asmall but significant portion were still at ERMCSs. Notably, these
ERMCS-associated P56S VAPB molecules disrupted normal VAPB dif-
fusion in the contact site, with many molecules becoming trapped in
multiple small subdomains of the ERMCS. We speculate that a failure of
these trapped molecules to leave the ERMCS may lead to an impaired
ability of the contact site to undergo normal dynamic restructuring,
either through altered PTPIP51 interactions or by changes in dimeri-
zation/lateral aggregation of VAPB within the contact site (see Sup-
plementary Text, section 2e, for discussion). More stable interfaces
between ER and mitochondria have been shownin a variety of contexts
toresultin elevated mitochondrial function due to ER-to-mitochondria

signalling™**3**, Thus, even a small fraction of P56S in ERMCSs could
directly lead to corrupted ERMCS signalling and the oxidative stress
known to occur in VAPB-associated ALS disease*®**,

In summary, our results demonstrate that ERMCSs have distinct
subdomains and a profoundly dynamic nature, with tethers diffusing
into and out of the site over time scales of milliseconds and contact
site size and configuration changing in response to different stimuli.
Future work combining FIB-SEM structural data with single particle
tracking promises toyield further insightinto ERMCS biology, as well
asimpactunderstanding at the molecular level of other dynamicinter-
facesinvolved in interorganelle communication.
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Methods

Coverslip cleaning and preparation

For single-molecule imaging, high tolerance, Number 1.5 coverslips
were purchased from Warner scientific (25 mm) and precleaned with a
modified version of a previously described protocol*”*®. Coverslips were
sonicated overnight (approximately 12 h) in 0.1% Hellmenex II (Sigma),
followed by five washes in 300 ml of distilled water. Coverslips were
then transferred to a clean chamber of 300 ml of distilled water and
sonicated overnight again, followed by five more washes. Coverslips
were then ethanol sterilized in pure, 200 proof ethanol and air dried
inacleantissue culture hood. After cleaning, coverslips were stored
inanairtight container until use, and were discarded if not used within
30 days of cleaning.

For FIB-SEM, sapphire coverslips (3 mm diameter, 50 pm thick-
ness, Nanjing Co-Energy Optical Crystal Co. Ltd, COE) were cleaned
for at least 1 h in a basic piranha solution (5:1:1 water:ammonium
hydroxide:hydrogen peroxide) followed by several washesin distilled
water. The bottom of each coverslip had a thinlayer of gold sputtered
onto the side regions of the coverslip to distinguish top from bottom
in subsequent steps (sputter coater Desk II, Denton Vacuum). After
sputtering, coverslips were rinsed several times in distilled water and
stored under vacuum in a desiccation chamber until use.

Plasmids and reagents
ER-mRFP (Addgene no. 62236), mTagRFP-T2-Mito-7 (Addgene no.
58041) (referred to as mitoRFP in the text), mTagBFP2-N1 (Addgene
no. 54566), mEGFP-N1 (Addgene no. 54767), mEGFP-C1 (Addgene
no. 54759) and mEmerald-Sec61b-C1 (Addgene no. 90992) have
been described previously, and were gifts from Erik Snapp, Michael
Davidson, or generated in house. EGFP-VAPB*’, HA-PTPIP51 (ref. 16)
and pHAGE-Tet-STEMCCA® have been previously described and were
gifts from Pietro De Camilli, Kurt De Vos and Robert Tijan, respectively.
All insertions and cassette changes were performed using the
NEBuilderimplementation of Gibson Assembly (New England Biolabs)
unless specified otherwise, taking care to leave appropriate restriction
sites for later changes. All constructs were sequenced before use and
will be available on Addgene unless prohibited by copyright. Specific
strategies and resulting plasmid maps are linked in the Supplementary
Information.

Cell culture and transfection

COS7 cells were purchased from ATCC and used within 40 passages.
Cells were maintained in complete DMEM (phenol red-free Dulbecco’s
modified Eagle medium (Corning) supplemented with 10% (volume/
volume) fetal bovine serum (Corning), 2 mM L-glutamine (Corning),
100 U mlI™ penicillin and 100 pg ml™ streptomycin (ThermoFisher)).
Cells were cultured at 37 °C in 5% CO,, passaging was accomplished
with 0.25% (weight/volume) trypsin (Corning) and care was taken never
tolet cells grow to more than 85% confluency or be seeded at less than
25% confluency, as they often become less flat after this.

For single-molecule imaging, coverslips were precoated with
500 pg ml™ phenol red-free Matrigel depleted for growth factors
(Corning) for 1 h before plating in a 35 mm tissue culture dish. Cells
were seeded to ensure less than 60% confluency at the time of imag-
ing to maximize regions of ER within the focal plane of the objective
whenfocusedjust above the coverslip. Transfections were performed
afterletting the cellsadhere tothe glass for atleast 12 husing Fugene6
(Promega) ata3:1Fugene (ul) to DNA (pg) ratio according to the manu-
facturer’s protocol. Each 35 mm dish was transfected with 1.5 pg of DNA
using the following ratio: 750 ng PrSS-mEmerald-KDEL (ER structure
label), 500 ng mitoRFP (mitochondriastructure label) and 250 ngofthe
HaloTag construct used for sptPALM, except for cells transfected with
PTPIP51which were given an extra 500 ng of PTPIP51-IRES-mTagBFP2.
Imaging was always performed at least 12 h after transfection, but

always before 24 h and taking care to avoid cells showing morphologi-
cal changes from ER and mitochondria label expression that become
increasingly common at later time points. For starvation experiments,
cellswereincubated in HBSS for the last 8 h before imaging, but com-
plete medium was replaced on the cells immediately before imaging.

Cells prepared for Airyscan imaging were plated in high tolerance
commercially acquired 35 mm imaging chambers (MatTek Life Sci-
ences). Briefly, coverslips were precoated with 500 pg ml™ phenol
red-free Matrigel depleted for growth factors (Corning) for 20 min. Cells
were then transfected in solution using Fugene6 (Promega) according
to a modified version of the manufacturer’s protocol. Briefly, cells
were resuspended after pelleting in prepared transfection complexes
made accordingto the manufacturer’srecommendationsin OptiMEM
(ThermokFisher). Cells were incubated for 15 min at 37 °Cbefore being
plated on the coated coverslips in 2 ml of complete Medium. Imaging
was performed 18-24 h after transfection.

Halo labelling
Cells were labelled for sptPALM by incubating with 10 nM PA-JF646
(ref.29) in OptiMEM (ThermoFisher) for 1 min followed at least five
washes with 10 ml of PBS, performed while simultaneously aspirating
and taking care to never let the cells come in direct contact with the
air. The cells were then washed once with 10 ml of complete DMEM and
left to recover in 2 ml of complete DMEM for 15 min before imaging.
Cells were labelled for Airyscan imaging by replacing the complete
medium on the cells with complete DMEM supplemented with 10 nM
JF635 (ref. 61). The highly fluorogenic nature of this JaneliaFluor (JF)
dye compound removes the need for washing steps, and the sample
candirectly be imaged on the microscope.

Microscopy and imaging conditions

Single-molecule imaging was performed using a custom widefield
microscope assembled in aninverted Nikon Ti-E outfitted with astage
top incubator to stabilize temperature, CO,, and relative humidity
during imaging (Tokai Hit). The flat lamella of cells where sptPALM is
possible (approximately 500 nm thick or less) were located using eye
piecesto visualize the ER and mitochondrialocalization. To avoid bias,
the experimenter was always blinded to the single-molecule tracers.In
experiments where PTPIP51-IRES-mTagBFP2 was overexpressed, the
cellswere selected using the fluorescence of the mTagBFP2in addition
to the ER and mitochondria structure.

Excitation was performed using three fibre-coupled solid state laser
lines (488 nm, 561 nm, 642 nm; Agilent Technologies) introduced into
the system with aconventional rear-mount TIRF illuminator. The angle
of incidence was manually adjusted for each cell beneath the critical
angle to maximize the evenness of theilluminationinthe ER. Theillumi-
nationinthe 488 nmand 561 nm channel was manually adjusted based
onthebrightness of the sample to minimize fluorescent bleed-through,
but the total power on each line was always kept less than 50 pW and
150 pWtotalintheback aperture, respectively. Single molecules were
alwaysimaged using a constant total power of 11.5 mW of 647 nm light
inthe back aperture. If necessary, asmall amount of 405 nm light was
introduced to tune the photoactivation rate of the molecules being
tracked, butin practice this was rarely needed.

Emitted light was collected with a x100 a-plan apochromat 1.49
numerical aperture oil immersion objective (Nikon Instruments) and
focused through a MultiCam optical splitter (Cairn Research). The
emission path was split onto three arms of the splitter using a S65LP
and a 647LP dichroic mirror (Chroma) placed sequentially in the
optical path to split the light from the 488 nm and 561 nm channels,
respectively. These emission paths were additionally cleaned up by
passing the emitted light through a 525/50 BP and a 605/70 BP filter
(Chroma), respectively. The remaining light transmitted through the
MultiCam represents the far-red signal where the single molecules
of HaloTag-linked dye are imaged, and the path was passed through
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an additional 647LP filter to clean up any stray light in the system
that could decrease the resolving power of the sptPALM approach.
All three channels were collected from electronically synchronized
iXon3electron multiplying charged coupled device cameras (EM-CCD,
DU-897; Andor Technology). To image quickly enough, the field of
view was reduced to a 128 x 128 pixel square (20.48 pm x 20.48 pm).
The location of the square was carefully chosen for each sample to
contain the flattest region of ER possible while remaining near the
centre of the camera chip, since the objective in use is chromatically
corrected to high precision only near the centre of the field of view.
Imaging was performed with 5 ms exposure times for 60-90 satatime,
and the timing of each frame was monitored using an oscilloscope
directly coupled into the system (mean frame rate of approximately
95 Hz).

Airyscan imaging was performed using a commercially acquired
Zeiss LSM 880 microscope with a live cell incubation system (Zeiss
Microscopy). Briefly, labelled samples were sequentially excited with
laser lines at 633 nm, 561 nm and 488 nm. Emission fluorescence is
collected using a x63 1.4 numerical aperture oil immersion objective
(Zeiss Microscopy) with an open pinhole and passed through an appro-
priate custom bandpass filter based on the expected emission profile
of the sample to the arrayed detector for the Airyscan unit (561 nm,
488 nm, BP495-550 + LP570; 633 nm, BP570-620 + LP645). Airyscan
reconstruction and deconvolution was performed using the default
settings (filter size = 6). Images were pseudocoloured and prepared
using Fiji (NIH) for visibility.

Channel registration and spectral analysis

Atthe time ofimaging, acrude channel alignment was performed using
asparse distribution of Tetraspek beads on a coverslip, prepared and
imaged as for other sptPALM samples. The angle of the dichroic mirrors
was manually adjusted to get asmuch overlap between the channelsin
the main field of view as possible. In practice, this alignment was suf-
ficient tosupport the manual stepsin the tracking pipeline (see below),
but applications requiring more precise alignment were accomplished
using a custom subpixel alignment pipeline in Fiji.

Variation in expression level of the three markers (ER structure
marker, mitochondria structure marker and single-molecule tracer)
due to uneven transfection is not a trivial issue, and often required
manual adjustment in the relative laser power for the 488 nm and
561 nm lines by the experimenter. Since this could in principle create
artefacts in the automated analysis pipeline or introduce erroneous
single-molecule localizations as a result of bleed-through, all of the
samples were run through an automated spectral analysis pipeline
that checked for fluorescence contamination from the blue-shifted
channels. Any samples where the detectable bleed-through contamina-
tion was significant compared to the signal of single molecules were
removed before downstream analysis was performed.

Localization and tracking

Localizations were identified in the single-molecule data sets using a
previously described pipeline® to estimate positions and precision
of localization using a maximum likelihood estimation (MLE)-based
fitting approach. The quality filter used in the downstream tracking
pipeline limited analysable localizations to those identified with pre-
cision (as estimated from the Cramér-Rao lower bound) in the range
of20-30 nm.

Trajectories were assembled from single-molecule images using
the TrackMate plugin in Fiji®*®*. Linking parameters were experimen-
tally selected for each dataset to minimize visible linkage artefacts
as determined by eye. Resulting putative trajectories were then pro-
jected on to the simultaneously collected ER network structure, and
manually curated to remove any trajectory linkages that are close in
2D but far from one another in the underlying organelle structure.
This step proved crucial to assembling trajectories that moved within

the structure without linkage artefacts. Resulting trajectories were
exported from TrackMate and imported into MATLAB for subsequent
analysis.

Spatial density analysis and contact site identification
Spatial probability density is mapped by choosing the spatiotemporal
boundaries of the datato beanalysed (x, y, £) and binning the resulting
localizations into 30 nm square pixels. The resulting counts are nor-
malized to the total number of localizations within the dataset, and as
such probability represents solely the likelihood of a single molecule
fallingina certain pixelif chosen at random (that is, a spatially defined
probability mass function). This effectively minimizes the effects of
differencesin photoactivation efficiency or tagged protein expression
level when identifying the boundaries of a contact site. Note that this
analysis does not assume anything about the motion of the trajectories,
the orientation or stability of the contact site, or the nature of molecular
interactions—all of this information is analysed in subsequent steps.
Theinitial location of contact sites was identified from the spatially
defined probability density when calculated over the entireimage, but
the location and boundaries often had to be manually refined, espe-
cially under conditions where contact sites move or change orientation
(Extended DataFig. 5).

Spatial clustering and diffusion landscape estimation

To generate amap of the diffusion landscape within contact sites, the
space inside the contact site was divided into distinct compartments
by Voronoi tessellation informed by the probability density at the
site. The trajectories associated with the site were broken into single
steps and assigned to a tessellation by thelocation of the beginning of
the step®>**. Bayesian inference was then used to model the resulting
distribution as an overdamped Langevin system within each tessella-
tion, assuming single moleculesin the same space at distinct times can
be viewed as independent experiments probing the same molecular
environment (see Supplementary Text, section 6¢). The resulting dif-
fusive component was reported for each tessellation as an effective
2D diffusion coefficient.

Identification of latent states in single trajectories

All trajectories longer than 500 steps (approximately 5.5 s) were ana-
lysed using a non-parametric Bayesian modelling technique (Hier-
archical Dirichlet Process Modelling, HDP) coded using Python to
estimate latent state changesinsingle-molecule behaviour®**, Briefly,
the system was treated as a switching linear dynamical system (SLDS).
As in previous work*®?', an overdamped Langevin equation was used
to interpret the parameters of the linear dynamical system used in
the SLDS model. Thisapproachremoves the need for anupper bound
on the number of potential states common in single particle tracking
analysis approaches (Hidden Markov Models, and so on), whichbecome
intractableinaspatially complex environmentlike the ER (Supplemen-
tary Text, section 6d). Eigen-decompositions of the implied force and
diffusion tensors for each determined state enables one-dimensional
analysis through tensor diagonalization. Note this SLDS treats thermal
fluctuations as a distinct component from measurement noise, allow-
ing diffusive properties of the system to be quantitatively estimated
independently of measurement noise (for example, localizationerrors).

High pressure freezing and freeze-substitution

Immediately before freezing, cells were manually inspected using an
inverted widefield microscope to ensure reasonable morphology and
viability. Cells were then transferred to a water jacketed incubator
(ThermoFisher, Midi 40) where they were kept at 37 °Cin 5% CO, and
100% humidity until ready for freezing. Each sapphire coverslip was
removed one at time from the incubator, overlaid with a 25% (weight/
volume) solution of 40,000 MW dextran (Sigma), loaded between two
hexadecane-coated freezing platelets (Technotrade International),



and placed in the HPF holder. Freezing was then performed using a
Wohlwend Compact 2 high pressure freezer, according to the manu-
facturer’s protocol. Frozen samples were stored under liquid nitrogen
until freeze-substitution was performed.

Freeze-substitution was performed with a modified version of a
previously described protocol®®, Briefly, frozen samples were trans-
ferred to cryotubes containing freeze-substitution media (2% OsO,,
0.1% Uranyl acetate and 3% water in acetone) and placed in an auto-
mated freeze-substitution machine (AFS2, Leica Microsystems). A
freeze-substitution protocol was used as previously described?, and
the samples were then washed three times in anhydrous acetone and
embedded in Eponate 12 (Ted Pella, Inc.). The sapphire coverslip was
then removed and the block was re-embedded in Durcapan (Sigma)
resin for FIB-SEM imaging.

FIB-SEM

FIB-SEM was performed essentially as previously described-?>¢°,
Briefly, a customized FIB-SEM using a Zeiss Capella FIB column fitted
at 90 degrees on a Zeiss Merlin SEM was used to sequentially image
and mill 8 nmlayers from the Durcapan-embedded block. Milling steps
were performed using a 15 nA gallium ion beam at 30 kV to generate
two sequential 4 nm steps. Datawas acquired at 500 kHz pixel™ using
a2nAelectronbeamat 1.0 kV landing energy with 8 nm xyresolution
to generateisotropic voxels. Data sets were registered postacquisition
using a SIFT-based algorithm®’.

Voxel classification and surface determination

Although several automated segmentation protocols exist for recon-
struction of organelles from FIB-SEM data'®%, we found that minor
errors in voxel classification within the contact sites themselves
obscured our ability to analyse the local curvature in sufficient resolu-
tion for our needs (see Supplementary Text, section 3a, for discussion).
Consequently, we selected a few small volumes containing mitochon-
dria and manually classified the voxels for the ER using Amira (Ther-
moFisher). We used a modified watershed algorithm to classify the
mitochondrial membranes but performed amanual curation to remove
artefacts. Potential contact sites on the ER surface were identified as
regions of ER membrane within 24 nm (approximately three pixels)
ofthe OMM, as measured by dilation of the OMM (see Supplementary
Text, section 3b, for discussion of contact site distances).

Triangulation, smoothing and curvature analysis

Triangulated surfaces were fit to the voxel classifications using amarch-
ing cubes-based algorithm implemented directly in Amira. To avoid
voxel-step artefactsin the surface, gaussian smoothing was applied to
the voxel data using a local likelihood measure selected over a kernel
size relevant for the expected curvature of the underlying membrane
(Supplementary Text, section 3c). The resulting triangulated surfaces
were rendered for use in the figures using Amira, and they serve as the
scaffold for subsequent 3D curvature analysis.

Mean local curvature of the ER was computed as a scalar field over
the triangulated surface usinga20-layer neighbourhood tofitaquad-
ratic formalong the two principal curvature axes. Note this is different
fromgaussian curvature, and the resulting value is negative in strictly
concaveregions and positive in regions that are strictly convex. Scalar
fields were calculated and mapped using the curvature field module
in Amira. Details are given in the Supplementary Text, section 3d-e.

Statistics and reproducibility

Each single-particle tracking dataset contains a total of at least
16 regions (20.48 um x 20.48 pum) divided over at least two experi-
ments, each selected from a different cell. Not all of these contained
mitochondria-associated contactsites, though all had contact sites of
somekind (Extended Data Fig. 2). FIB-SEM data was visually examined
inthree COS7 cells, but all data shown or quantified inthe paper comes

from asingle representative cell. Single contact site analysis was per-
formed oneach of the hundreds of contact sites analysed, each of which
contains anywhere from 1-50 VAPB trajectories. All representative
images of correlated sptPALM data throughout the paper are a single
image of at 16-24 similar acquired, the number of whichis listed in the
associated quantifications. ERMCS structures shown from FIB-SEM
data are representative examples of 25 similar contact sites, except
where explicitly stated to be otherwise, such as unusual examples.
Airyscan images are representative of at least 30 cells, and Airyscan
experiments were performed five times with multiple combinations of
fluorescent labels with indistinguishable results (see Supplementary
Text, section 8, for amore complete discussion of reproducibility).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|FIB-SEMreveals association of ER-mitochondrial
contactsites and known contactsite-associatedbiology. a, Reconstructed
surfaces of ERand mitochondriainassociation from the FIB-SEM volumes used
inthis study from several angles. Mitochondriablue, ER cyan, ER membrane
withinapproximate tethering distance of VAPBis colored red. b, Serial slices
through an ER-associated site of mitochondrial constriction. Upper panels are
every 24 nmfromabove as viewed in the image to the left, lower panels are
every 48 nmfromtheside of the yellow arrowinthe direction ofthered arrowin
theleftimage. Red arrows correspond to regions of contactsite interface with
unusual electron density, presumably associated with mitochondrial division
machinery. Blue arrows indicate regions of mitochondrial constriction
propagating away from the site of direct contact by the ER, generally aligned
withenriched cristae at the site. Thisis one of two ERMCSs with this
architectureinthe volume (see Extended Data Fig. 7). ¢, Thessite of aligned

cristaeshowninFig.1bwith more context. Lower panelisacutaway of the
reconstructionabove to the central axis of the mitochondria, showing
continuity of the cristae with theinner membrane space. Panelsto therightare
selected single slices of raw EM data through the contactsite shown, taken
every 64 nm. Thisis one representative ERMCS of 25 with similar structures
throughout the volume. d, Comparison of the measured sizes of ERMCSs in
three dimensions from FIB-SEM volumes and the corresponding projection
intotwo dimensionsblurred by the resolution of sptPALM. Error bars represent
the 95% confidence interval of the median (n=38 [projected], 52 [three
dimensional]; p > 0.9999, Dunn’s multiple comparisons test, two-sided).

Note some ERMCSs that are close in space are no longer distinguishable when
projected downinto two dimensions. Scale Bars:b,1um, inset,400 nm;
c,400 nm.
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Extended DataFig.2| Comparisons of VAPBinteractions with mitochondria-
associated and non-mitochondria associated structures. a, The likelihood
of VAPB localizationinarepresentative cell, showing hotspots associated with
mitochondria (red arrows) and a hotspot associated with other structures
(grey arrow). Shownis one cell of 24 collected with various hotspot distributions
(seeFig.1for other examples). b, Frequency of VAPB contact sites associated
with mitochondria or other organellesin COS7 cells (n =24 cells from 3
experiments). Error barsindicate the median and 95% confidence interval of
the median. ¢, Variability in the proportion of VAPB contact sites that are

Mitochondria Enrichment Coefficient

associated with mitochondria as opposed to other organelles, suggesting
adaptability of tether functionasaresult of cellular needs. d, The probability of
arandomly selected VAPB molecule localization being associated with contact
sites on mitochondria or other structures, as averaged for each cell (n =24 cells
from 3 experiments). Error barsindicate the medianand 95% confidence interval
ofthe median. e, The distribution of mitochondrial enrichment coefficients
over the cellsin the dataset, showing heterogeneity in tether targetsas aresult
of cellular needs. Scale bars: 500 nm.
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exampleintheinsetof (d).d, Thedistribution of likelihoods for VAPB binding,
ascalculated forindividual contact sites (n =160 contact sites). The inset shows
the distribution of the single cellindicated by the blue arrow in ¢ (n =20 contact
sites). e, Average likelihood of individual VAPB molecules engaging with ERMCSs
asafunction of VAPB expression level. Note that the probability of ERMCS-
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Extended DataFig. 4 |Latentstates canbeinferred fromtrajectory segments
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and consistent with literature values®®. b, Segments of individual trajectories

of VAPB canbe characterized by the diffusivity index (see Supplementary Text),
withbound states showing lower indices. A scatter plot of diffusivity index vs.
segmentlengthisshown, thered gateindicates segments considered to be
interacting.c, Asingle VAPB trajectory with three discernible states. Segments
ofthetrajectory defined tobeineachstate are colour coded in the xy-projection
ofthe trajectory (upper) andinatime projection (lower). The diffusivity index
foreach trajectoryisshown against the full set of analyzed VAPB trajectory
segmentsinthescatter plot ontheright, for context. Scale Bars: 500 nm.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|ChangesinER curvature within ERMCSs. a, Singlesslices
throughthelongitudinal (parallel to the central cylindrical axis of the structure)
and perpendicular axes of arepresentative ERMCS or aneighboring ER control
inthe cytoplasm. Red linesindicate thelocation of the ER membrane. These are
singlerepresentativeimages of n =39 (ER tubules) or n =25 (ERMCSs) collected
throughthe two FIB-SEM volumes. b, Schematic of the ER cross sectionsinaand
their methods of analysis. Note that in the longitudinal sections, ER membrane
curvature (k) islargely neutral, butin the perpendicular sectionsit can be highly
positively curved (curving towards ER lumen) or negatively curved (curving
away from ER lumen). The radius of curvature (R) isinversely proportional to the
degree of curvature (k). ¢, The radius of curvature of the ERMCS and isolated ER
inthe FIB-SEM volumes. Isolated ER controls are selected within 5 pm of each
ERMCS (n =39 tubules, 25 ERMCSs; p < 0.0001; two-sided Mann Whitney test).
Errorbarsrepresent the median and 95% confidence interval for the median.

d, Curvature along the parallel or perpendicular dimensions of the ERMCS or

local ER controls as demonstratedinb. e, Local ER curvature as calculated in
three dimensions onthe triangulated mesh generated from the surface of

the ERmembraneinarepresentative FIB-SEM volume. Sites of contact with
mitochondria (not shown for clarity) are traced with dotted lines and indicated
withblack arrows. The blue arrow indicates asite of direct contact witha
mitochondrion facing away fromthe viewer. f, Relative mean local curvature of
ERMCS- or non-CS-associated ER membrane as calculated from the triangulated
surface inthe two volumes shownin Extended Data Fig.1and normalized to
medianvalueinthe ERMCSs. Dotted lines in the plots show the medianand
quartiles. (ERMCS dataisn=133,494 [voll] orn=37,062[vol2] triangulated faces
within ERMCSs, control ERis n=500,000 triangulated faces selected randomly
from the ER outside the ERMCSs in the matched volume. P-values are
approximated from the zdistribution of a Kruskal-Wallis test using two-sided
Dunn’s multiple comparisons test to adjust direct comparisons for multiplicity).
Scale Bars:200 nm.
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Extended DataFig. 8| Variability of VAPB contact site size and shape in well
fed and starved cells. a, Spatially-defined probability of VAPB localization in
160 mitochondria-associated contact sites from cells cultured in complete
DMEM.A1.2umx1.2 pmsquare around the center of each contactssite is
shown, note that proximal contact sites often appear in the images of their
neighbors. b, 96 mitochondria-associated VAPB contact sites displayed asin a),
for cells cultured in HBSS for 8 h. Note the asymmetric nature of contact site
expansion under these conditions. ¢, The ratio of Major:Minor axis of ellipse
fits to spatially-defined VAPB localization probability within individual contact
sites, showing asymmetric expansion of contactsites under nutrient
deprivation (n =160 [Control], 96 [Starved]; p < 0.0001; Mann-Whitney test,
two-sided). Error barsindicate the medianand 95% confidence interval of the
median.d, The number of mitochondria-associated (MitoCS), other

structure-associated (OtherCS), or total number of CSsin control cells or cells
starved with an 8-hourincubationin HBSS (n =24 [Control], n =18 [Starved];
p=0.9244 MitoCS, p=0.2780 OtherCS, p = 0.8060 TotalCS; two-sided
Mann-Whitney tests with Holm-Sidak threshold for multiple comparisons).
Errorbarsindicate the median and 95% confidenceinterval of the median.No
significant difference observed suggests continued regulation of VAPB at both
classes of contactsites. e, The likelihood of VAPB engagement at ERMCSs or
other contactsites in control cells or cells starved by 8 hin HBSS, averaged per
eachcell, showing VAPBis not largely depleted from the ER during starvation as
in PTPIPS1overexpression (n =24 DMEM, n =18 HBSS; p > 0.9999 MitoCS,
p=0.9719 OtherCS, Dunn’s multiple comparisons test, two-sided). Error bars
indicate the median and 95% confidence interval of the median.
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Extended DataFig.9|Additional characterization of ERMCS interactions
of P56S VAPB molecules. a, Spatially-defined probability of VAPB localization
inrepresentative WT or P56S VAPB-expressing cells. b, Schematic showing
approximate major and minor axis of the examples ERMCSsin a. ¢, The size of
the major and minor axes of ellipse fits to the probability of VAPB localization
within the ERMCS, showing slight but significant expansion of ERMCSsin P56S
VAPB-expressing cells (n =160 [WT],118 [P56S]; p < 0.0001 Major, p = 0.0013
Minor; Dunn’s multiple comparisons test, two-sided). Error bars indicate the

medianand 95% confidenceinterval of the median.d, The 2D D of WT or P56S
VAPB averaged over entire ERMCSs (n =160 [WT],118 [P56S]; p = 0.0528; Dunn’s
multiple comparisons test, two-sided). Error barsindicate the median and 95%
confidenceinterval of the median. e, The diffusivity landscape of the WT or
P56S VAPB ERMCSs shownin a. Red arrows indicate the asymmetric diffusion
well at the center of the P56S VAPB-containing ERMCS. f, Anexample of alarge
WT VAPB-containing ERMCS similar in size to the one shown in Fig. 4d, showing
asingle, central diffusion well at the center of the contact site (blue arrow).
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