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Mitochondrial function depends on the mainte-
nance of its genome, and disruptions in copy num-
ber and distribution are hallmarks of mitochon-
drial disorders. Mitochondrial DNA (mtDNA) repli-
cation is spatially and temporally linked to mito-
chondrial division (i.e., fission). However, the sig-
nal that coordinates these two events, which are
physically separated by the barrier of two mitochon-
drial membranes, remains unknown. To gain in-
sight into this coordination, we employed correla-
tive cryo-electron tomography (cryo-ET) to analyze
the microenvironment surrounding replicating nu-
cleoids. Mitochondrial regions containing replicat-
ing mtDNA exhibit a unique membrane architecture
defined by the presence of clustered, membrane-
spanning tethers that traverse the inner membrane
space. Using a combination of superresolution mi-
croscopy and genetically encoded cryo-ET tagging
technology, we identify these tethers as the AAA+
ATPase ATAD3A. We further show that ATAD3A
knockdown reduces recruitment of the mitochon-
drial fission machinery, whereas overexpression
promotes its recruitment and subsequent fission.
Our work suggests that ATAD3A forms nanoscale
linkages that coordinate these two distinct pro-
cesses, revealing a new structural paradigm for or-
ganellar communication across distinct membrane-
defined environments.
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Highlights

• Replicating mitochondrial DNA (mtDNA) nucleoids
are surrounded by a distinct membrane
microenvironment.

• ATAD3A forms membrane-spanning tethers
enriched at replicating mtDNA sites.

• ATAD3A enrichment is necessary and sufficient to
recruit mitochondrial fission machinery and induce
fission at mtDNA replication sites.

• ATAD3A structurally couples mtDNA replication
state to mitochondrial fission across distinct
organellar subcompartments.

Introduction
The human mitochondrial genome is indispensable for
cellular function as it encodes 13 proteins essential for
electron transport chain function, along with tRNAs and
rRNAs required for translation Garrido et al. (2003);
Miyakawa (2017). Mitochondrial DNA (mtDNA) is pack-
aged into functional units in the form of nucleo-protein
complexes, termed ‘nucleoids’, which are distributed
throughout the mitochondrial network. The mainte-
nance of mitochondrial DNA (mtDNA) copy number and
distribution is vital for proper mitochondrial function, and
perturbations in mtDNA copy number are a hallmark of
mitochondrial disorders Filograna et al. (2021). Hence,
it is important to understand how cells maintain these
genomes to preserve cellular function Craven et al.
(2017); Tuppen et al. (2010); Taylor and Turnbull (2005)

The replication of mtDNA and mitochondrial division
(i.e., fission) are spatially and temporally linked through
the recruitment of cytosolic factors such as dynamin-
related protein 1 (DRP1) and the endoplasmic reticu-
lum (ER) Kleele et al. (2021); Lewis et al. (2016); New-
man et al. (2024); Friedman et al. (2011). The coordi-
nation between the two events not only ensures faithful
replication but also facilitates segregation of the newly
replicated copies and their distribution within the net-
work. This is evident from studies showing that en-
larged mtDNA nucleoids accumulate in cells when mi-
tochondrial fission is inhibited Ishihara et al. (2022);
Ban-Ishihara et al. (2013). Despite this established
spatiotemporal coordination, the mechanism generating
cellular communication between ‘internal’ mtDNA nu-
cleoids and ‘external’ fission factors in the cytosol re-
mains unclear.

To address the coupling between mtDNA replication
and fission, we developed a cryo-correlative light and
electron tomography (cryo-ET) pipeline to define the
structural changes that occur in the local microenviron-
ment of the mtDNA nucleoid during replication. We
hypothesized that mtDNA replication could influence
its local environment, thereby inducing characteristic
changes and enabling communication with the cytoso-
lic fission machinery. We find that mtDNA nucleoids
are uniquely harbored in mitochondrial subdomains of
uniform inner-to-outer membrane distances, which are
enriched in ‘tether’ densities that span these two mem-
branes. Using a recently described genetically encoded
cryo-ET tagging technology Fung et al. (2023), we iden-
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tify these intermembrane tethers as the AAA+ ATPase
containing protein 3A, ATAD3A, and provide evidence
for a role for these tethers in recruiting fission com-
ponents. Collectively, our findings reveal that ATAD3A
forms nanoscale intermembrane linkages that spatially
coordinate mtDNA replication and fission, redefining the
structural basis for linking mitochondrial dynamics and
genome maintenance across distinct organellar com-
partments.

Results
mtDNA replication is associated with a unique mito-
chondrial membrane microenvironment.
To visualize the local subcellular environment of repli-
cating nucleoids, we transfected cells with a plasmid
containing mScarlet-POLG2 as a marker to specifi-
cally label replicating nucleoids Lewis et al. (2016) and
FACS-sorted transfected cells directly on EM grids to
enrich for mScarlet-POLG2-expressing cells (Fig. 1A,
Fig. S1A,B). We then treated cells with a short pulse
of SYBRgold dye to stain the total mtDNA population
prior to cell vitrification via plunge-freezing. Using cryo-
fluorescence microscopy, we identified and then subse-
quently targeted fluorescent cells for cryo-focused ion
beam (cryo-FIB) milling to generate thin cellular sec-
tions (i.e., lamellae). We imaged each lamella using
an in-chamber cryo-fluorescence microscopy to deter-
mine the precise position of SYBRgold and mScarlet-
POLG2 fluorescence puncta (Fig. 1B, C). We then ac-
quired a high-magnification transmission electron mi-
croscopy (TEM) montage of each lamella and targeted
mitochondria-containing regions for tilt series collection
(Fig. 1D). The post cryo-FIB-milling fluorescence im-
age was overlaid on the TEM overview to correlate to
classify all mitochondria within our tomographic data
into three different categories (i.e., mtDNA “states”):
no fluorescence signal (no DNA, n = 43 mitochon-
dria), only SYBRgold positive (non-replicating mtDNA,
n = 28 mitochondria), or both SYBRgold and mScarlet-
POLG2 positive (replicating mtDNA, n = 26 mitochon-
dria). (Fig. S1C). Mitochondria that did not contain
any fluorescence signal would represent parts of the
mitochondria network that do not contain an mtDNA
nucleoid, or, in some cases, could also represent mi-
tochondria in which the fluorescent signal was milled
away during cryo-FIB milling.

We segmented membranes from the resulting three-
dimensional (3D) tomograms (Fig. 1E) and used our
‘surface morphometrics’ pipeline Barad et al. (2023) to
compare the membrane ultrastructure of mitochondria
across all three mtDNA states. Mitochondria contain-
ing mtDNA displayed larger inter-crista distance as ex-
pected Liu et al. (2022); Stephan et al. (2019) (Fig. S1D
and Fig. S2). We observed a significant reduction in the
variability of outer-to-inner (OMM-IMM) distances of mi-
tochondria containing replicating mtDNA relative to mi-
tochondria with non-replicating mtDNA or no mtDNA,

with a median distance of ~12.5 nm between the two
membranes (Fig. 1F–H and Fig. S2). To ensure that
our observations were not skewed by differences in the
number of cristae between categories, we quantified
OMM-IMM distance only for the inner boundary mem-
brane (IBM) regions of the mitochondria and observed
similar distributions (Fig. S1E,F). Additionally, we found
that mitochondria with replicating mtDNA exhibited a
higher frequency of larger patches of membrane (~300–
400 nm) with an OMM-IMM distance of 12–13 nm rela-
tive to the other two correlation groups (Fig. S1G,H).
Collectively, these results show that mitochondria har-
boring mtDNA have localized regions of uniform OMM-
IMM distances, suggesting that local membrane remod-
eling is associated with mtDNA replication.

Mitochondria with replicating mtDNA contain clus-
tered, membrane-spanning tethers.
We hypothesized that the uniform OMM-IMM distances
observed in mitochondria with replicating mtDNA were
mediated by proteins that physically link opposing bi-
layers. Consistent with this, we observed “tether”-like
densities in the intermembrane space regions exhibit-
ing →12 nm OMM-IMM distances (Fig. 2A–C). We per-
formed blinded, manual two-point particle picking of
these tethers (Fig. 2C) across all tomograms in our
three correlation groups, followed by subtomogram av-
eraging, which resulted in a strong 12 nm density be-
tween the two appressed membranes (Fig. 2D). As
a control, we performed subtomogram averaging on
an equal number of randomly selected patches of the
membrane. This resulted in a structure with a clear
membrane signal but no signal within the inner mem-
brane space, suggesting that the bridging density we
observe in our tomograms is a specific signal rather
than random noise (Fig. S3A).

Mapping the location of every tether onto the mito-
chondrial membrane surface showed an increase in the
total number of tethers in mitochondria with replicat-
ing mtDNA (Fig. 2E, F). A similar trend was observed
when the number of tethers was normalized to outer-
membrane surface area (Fig. S3B). We also observed
a significant increase in the propensity of these teth-
ers to cluster in mitochondria with replicating mtDNA
(Fig. 2G), as quantified by Ripley’s K function (see Meth-
ods). This clustering occurred across large-scale dis-
tances (50–100 nm and 100–150 nm) in mitochondria
containing replicating mtDNA (Fig. 2H, I), with no sig-
nificant clustering observed for radii lower than 50 nm
or more than 150 nm (Fig. S3C). This suggests that the
presence of large clusters of tethers spanning extensive
membrane patches is a unique feature of mitochondria
with replicating mtDNA.

We hypothesized that individual tethers may exhibit a
uniform local distance across the intermembrane space,
and that clustering of these tethers may facilitate the
large patches of uniform OMM-IMM distance observed
in mitochondria with replicating mtDNA (Fig. 2G, J). To
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Figure 1. mtDNA replication is associated with a unique membrane microenvironment.
(A) Schematic showing workflow for labelling HeLa cells with mScarlet-POLG2 and SYBRGold prior to vitrification. (B) Represen-
tative images showing part of the EM grid imaged on a cryo-fluorescence microscope. (C) Images acquired post cryo-FIB milling
of the cell marked by a white dotted rectangle shown in B. Fluorescence images are acquired on an in-chamber cryo-fluorescence
microscope and correlated with the SEM image. The fluorescence image is also correlated with a TEM overview of the lamella
(right). (D) The TEM overview is correlated with the post-milling cryo-fluorescence image shown in C. White rectangles with dotted
lines mark a representative region where tilt series were acquired. (E) Representative z-slice from a denoised 3D tomogram and
membrane segmentations with outer mitochondrial membrane (OMM), inner mitochondrial membrane (IMM), and endoplasmic
reticulum (ER) membrane annotated. (F) Peak histogram values from each mitochondrion for OMM-IMM distance are plotted as
a violin plot for all three classes. Each dot represents peak value for the corresponding mitochondrion. (number of mitochondria
= 43 no DNA; 28 non-replicating, 26 replicating). (G) Combined histogram of OMM–IMM distances for all three classes, dashed
vertical lines correspond to peak histogram values of pooled data. (number of mitochondria = 43 no DNA; 28 non-replicating,
26 replicating) (H) Membrane surface reconstructions for representative examples from three classes of mitochondria are shown
with per triangle measurements of OMM-IMM distance mapped on the surface as a color gradient. Statistical significance in F is
calculated using Mann-Whitney U test (***p < 0.001, **p < 0.01, *p < 0.05).

test this hypothesis, we computationally extracted a lo-
cal patch of OMM (radius = 10 nm), centred on the
tether and measured the OMM-IMM distance in this re-
gion. We found that the OMM-IMM distance at tether-
associated patches exhibited a very tight distribution
around 12 nm, whereas patches generated randomly
across the surface showed a much wider spread and
greater variability (Fig. 2K, L). These distributions were
the same across all three categories of mitochondria
(Fig. S3D). This suggests that the tethers maintain a
consistent OMM-IMM distance regardless of where they
are in the membrane, but that the increase in the abun-
dance and clustering of these tethers leads to local re-
modeling, resulting in larger patches of uniform OMM-
IMM distances in mitochondria containing replicating
mtDNA.

ATAD3A is enriched at replicating mtDNA nucleoids.
We hypothesized that these tethers could represent the
AAA+ ATPase family protein ATAD3A, since it is the only
known protein in mammals shown to span both the inner
and outer mitochondrial membranes and is involved in
mtDNA nucleoid dynamics Ishihara et al. (2022); Gilquin
et al. (2010); Arguello et al. (2021); Cooper et al. (2017);
Zhao et al. (2019); Harel et al. (2016); Peralta et al.
(2018). Additionally, ATAD3A can bind to DRP1 via its
N-terminus and, independently, to the D-loop of mtDNA
Zhao et al. (2019); He et al. (2007), making it a poten-
tial candidate for linking mtDNA and mitochondrial fis-
sion. Since other members of the AAA+ ATPase fam-
ily have been shown to form hexamers Puchades et al.
(2020), we performed AlphaFold modelling Abramson
et al. (2024) for ATAD3A isoform 1 and isoform 2 hex-
amers independently, resulting in structure predictions
for both isoforms that form a stalk-like structure, with
the C-terminus ATPase domains forming the canonical
‘ring’ structure on one side (Fig. 3A). We generated a
model of the AlphaFold structure with membrane densi-
ties (CHARMM Jo et al. (2008)) by positioning the IMM
at the predicted transmembrane region of ATAD3A close
to the ATPase domains and by positioning OMM close
to the N-terminus region (Fig. 3B). Using this model, we

simulated a 3D tomogram Purnell et al. (2023) and visu-
alized the stalk-like connection between the two mem-
branes, measuring ~12 nm in length, consistent with
the distance observed in the sub-tomogram average
(Fig. 3B and Fig. S4A). This suggests that ATAD3A hex-
amer structural prediction models match the dimensions
and features of the tethers we observe spanning the in-
termembrane space in mitochondria within our cellular
cryo-ET data.

To test whether ATAD3A exhibits localization sig-
natures similar to those of the tethers, we used im-
munofluorescence to localize ATAD3A in cells along-
side mtDNA. Consistent with previous studies, we
found that ATAD3A was distributed throughout the mi-
tochondrial network Arguello et al. (2021); He et al.
(2007); however, there was a significant enrichment of
ATAD3A signal around sites of replicating mtDNA rela-
tive to the entire mitochondrial network and all mtDNA
puncta (Fig. 3C–F). To further characterize this enrich-
ment, we used stimulated emission depletion (STED)
nanoscopy, which revealed that individual puncta visu-
alized by diffraction-limited confocal microscopy com-
prised multiple ATAD3A signal puncta. (Fig. 3G, H).
We used an unbiased approach to identify clusters of
↑ 5 puncta or ↑ 15 puncta within a fixed radius of
0.5 µm of STED-resolved ATAD3A and found that, while
↑ 5 puncta clusters were identified across the entire
mitochondrial network, ↑ 15 clusters were restricted
to parts of mitochondria positive for mScarlet-POLG2
(Fig. 3H, I, and Fig. S4B). Collectively, these results
demonstrate that ATAD3A clusters specifically around
replicating mtDNA in a manner similar to the tethers we
observe in our cryo-ET, suggesting that ATAD3A enrich-
ment is a unique feature of the local environment sur-
rounding replicating mtDNA.

ATAD3A assembles as an intermembrane space-
spanning tether in mitochondria.
We next sought to confirm that the intermembrane
space-spanning tethers we observe in mitochondria
with replicating mtDNA in our correlative cryo-ET data
represent ATAD3A, which we observe as enriched clus-
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Figure 2. Regions of uniform OMM-IMM distance contain tether-like densities that are clustered at replicating mtDNA
nucleoids.
(A) Representative z-slice from a 3D tomogram in the “replicating” category with membrane surfaces overlayed. The blue dotted
rectangle shows part of the membrane shown in B and C. (B) The blue dotted lines mark part of the membranes showing
a uniform OMM-IMM distance patch. (C) Zoomed-in view of the 3D tomogram showing tether-like densities spanning OMM-
IMM. Dots represent the two end points of a tether on both the OMM (salmon) and the IMM (orange), where dipole picking for
sub-tomogram extraction and averaging was performed. (D) Subtomogram global average from 1,861 particles shows density
between OMM and IMM. (E) The global average from D (blue) is mapped onto the mitochondrial surfaces of the respective three
classes of mitochondria. (F) The number of tethers in each category of mitochondria is plotted as a violin plot. Each data point
represents one mitochondrion. (n = 8 no DNA; 8 non-replicating, 9 replicating) (G) Representative example of mitochondrion
from the “replicating” category with dotted black oval marking clusters of tethers. (H, I) Quantification of the maximum value
of K(r)/KCSR(r) for each tomogram at the indicated radius intervals in each category. (n = 8 no DNA; 8 non-replicating, 9
replicating) (J) Per-triangle measurements of OMM-IMM distance mapped on the surface for mitochondria shown in G, showing
how the same regions of clustered tethers overlap with regions of consistent OMM-IMM distances (white dashed oval). (K)
Extracted membrane patches of diameter 10 nm at sites possessing a tether, or random patches. (L) OMM-IMM distance is
plotted as a violin plot for random and tether containing patches of radius 10 nm. Each data point represents the median OMM-
IMM distance for a patch. (1,861 tether patches and 1,861 random patches from n (mitochondria) = 8 no DNA; 8 non-replicating,
9 replicating). Statistical significance in F, H, I and L is calculated using Mann-Whitney U test (****p < 0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05).

ters in our immunofluorescence experiments. Histori-
cally, the localization of specific proteins in cellular cryo-
ET data has been challenging; however, the recent de-
velopment of genetically encoded tags has enabled the
subcellular localization of some protein targets, includ-
ing those localized to the OMM Fung et al. (2023). We
developed a system using the genetically encoded mul-
timeric (GEM) cryo-ET tag, which spontaneously forms
a virus-like icosahedral particle in cells and can be at-
tached to a GFP-tagged variant of a protein of interest
through rapalog coupling Fung et al. (2023). We gen-
erated an N-terminal GFP-tagged version of ATAD3A
isoform 1, which, based on previous work and our Al-
phaFold model, we predicted would expose the GFP
coupled to the N-terminus of ATAD3A in the cytosol
and make it available for GEM tag binding (Fig. 4A, B).
We confirmed the co-localization of GFP-ATAD3A with
mitochondria via confocal microscopy and also found
that the GFP-ATAD3A signal overlapped with STED-
resolved TOMM20 puncta (Fig. 4A). We co-expressed
GFP-ATAD3A and GEM donor plasmid in HeLa cells
and treated with rapalog (i.e., coupled heterodimeriza-
tion between GEM tag and GFP-ATAD3A) prior to pro-
cessing through our correlative cryo-ET pipeline (as de-
scribed earlier in Fig. 1, see Methods). As a control,
cells expressing both constructs in the absence of rapa-
log treatment (i.e., uncoupled) were prepared for cryo-
ET imaging (Fig. 4B) (see Methods).

In the resulting tomograms, we readily observe the
characteristic ~35 nm-diameter GEM throughout the cy-
toplasm (Fig. 4C, D) under both coupled and uncou-
pled conditions. We used an automated, pre-trained
model to identify the location of each GEM particle with
deep-learning-based segmentation software Fung et al.
(2023); de Teresa-Trueba et al. (2023) (Fig. S5A) and
performed subtomogram averaging to confirm that the
detected particles formed the expected ~35 nm icosa-
hedral GEM (Fig. S5B–D). Using our surface morpho-

metrics pipeline, we calculated the distance between
each GEM particle and the OMM in cells co-expressing
GFP-ATAD3A and the GEM tag in the presence (i.e.,
coupled) and absence (i.e., uncoupled) of rapalog treat-
ment (Fig. 4D–F). We observed a significant reduction
in the distance between the GEM particle and the OMM
in the coupled condition relative to the uncoupled condi-
tion and an overall increase in the number of GEM parti-
cles positioned within 100 nm of the OMM in the coupled
condition (Fig. 4E, F). Within these localized regions,
we also observe GEM particles positioned next to clus-
ters of tethers (Fig. 4D, G), with continuous connecting
densities between the outer mitochondrial membrane
and the GEM particles (Fig. 4G). Taken together, these
results suggest that membrane-spanning tethers ob-
served near replicating mtDNA are ATAD3A molecules
positioned with their N-terminus exposed to the cyto-
plasm.

ATAD3A remodels mitochondrial membranes
The results thus far point to a model in which ATAD3A
forms intermembrane-spanning tethers that cluster
specifically at sites of mtDNA replication. We sought
to investigate whether this ATAD3A enrichment could
promote the membrane remodeling we observed specif-
ically at mtDNA replication sites by performing cryo-
ET on cells overexpressing GFP-ATAD3A (ATAD3A OE)
and ATAD3A KD cells (Fig. 5and Fig. S6). In ATAD3A
OE cells, we found that OMM-IMM distribution closely
resembled that of mitochondria containing replicating
mtDNA (Fig. 5A, B and Fig. 1H), with uniform dis-
tances across the IBM regions (Fig. 5C). Strikingly, in
cells exhibiting very high levels of GFP-ATAD3A over-
expression, we observed mitochondria completely de-
void of cristae with multiple membranes stacked with
uniform, ~12 nm spacing (Fig. S6A, B). Within these
stacked membranes, we also observe extensive inter-
membrane spanning densities resembling those identi-
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Figure 3. ATAD3A is enriched at replicating mtDNA nucleoids.
(A) An AlphaFold model of ATAD3A isoform 1 hexamer and isoform 2 hexamer. (B) The model generated using ATAD3A isoform
1 AlphaFold prediction and OMM and IMM PDB models from CHARMM (left), simulated tomogram of the ATAD3A hexamer and
membrane model (middle), along with the sub-tomogram average of the tethers (right). (C) Representative confocal images of
HeLa cells expressing mScarlet-POLG2 and stained with anti-TOMM20 and anti-ATAD3A antibodies. The inset shows part of the
cell with a line profile. (D) Fold change in normalized ATAD3A intensity over mScarlet-POLG2 puncta, as compared to the entire
mitochondrial network within the same cell, is plotted. Each grey data point represents one cell, and the lines connect the means
across 3 biological replicates. (n = 74 cells, from 3 replicates) (E) Representative confocal images of HeLa cells expressing
mScarlet-POLG2 and stained with anti-DNA and anti-ATAD3A antibodies. The inset shows part of the cell with a line profile. (F)
Fold change in normalized ATAD3A intensity over mScarlet-POLG2 puncta, as compared to all mtDNA within the same cell, is
plotted. Each grey data point represents one cell, and lines connect means for 3 different biological replicates (n = 68 cells, from
3 replicates). (G) Representative confocal image of HeLa cells expressing mScarlet-POLG2 and stained with anti-TOMM20 and
anti-ATAD3A antibodies. (H) Inset from G shows part of the cell with STED resolved ATAD3A clusters, and yellow lines mark the
identified clusters of →15 puncta within 0.5 µm. (I) Normalized mScarlet-POLG2 intensity over identified ATAD3A clusters with
↑5 or →15 puncta within 0.5 µm. Each grey dot represents one identified cluster, and lines connect means of each cell. (n = 12
cells, from 2 replicates). Statistical significance in D, F, and I is calculated using a paired t-test (****p < 0.0001, ***p < 0.001,
**p < 0.01, *p < 0.05).

fied by our GEM tags to be ATAD3A ( Fig. S6C).
We observed the opposite effects of ATAD3A KD,

with a significant increase in variability in OMM-IMM dis-
tances globally across the IMM and within the IBM re-
gions(Fig. 5D–F). While we observe a tight distribution
of OMM-IMM distances in ATAD3A OE cells, similar to
“replicating” mtDNA containing mitochondria (Fig. 5G),
this distribution is lost in ATAD3A KD cells, which dis-
played significantly higher variability in OMM-IMM dis-
tance (Fig. 5G). We extracted membrane patches con-
taining 12-13 nm OMM-IMM distance (as in Fig. S1G,
H) and observed a higher frequency of larger patches
in ATAD3A OE cells and the opposite effect in ATAD3A
KD, supporting the observation that OMM-IMM dis-
tance variability is lost under ATAD3A OE (Fig. 5H).
Collectively, these results show that overexpression of
ATAD3A promotes membrane remodeling toward fixed
OMM-IMM spacing, which is lost in knockdown cells,
suggesting that ATAD3A clustering at replicating mtDNA
leads to membrane remodeling locally at these sites.

ATAD3A is required for the recruitment of mitochon-
drial fission machinery at replicating mtDNA
On the basis of the results above, we propose that
ATAD3A enrichment specifically at replicating mtDNA
nucleoids promotes the recruitment of fission machin-
ery and subsequent mitochondrial fission. A well-
established marker of mitochondrial fission is the GT-
Pase DRP1 Smirnova et al. (2001), which requires a
critical threshold of dimer recruitment to the mitochon-
drial surface before assembling as a force-producing
oligomeric ring to complete membrane scission. We
observed that overexpression of ATAD3A led to an in-
crease in DRP1 recruitment to mitochondria (Fig. 6A,
B), whereas ATAD3A knockdown reduced the recruit-
ment of DRP1 to mitochondria (Fig. 6C, D). These
changes in DRP1 levels were also linked to changes
in mitochondrial shape, with ATAD3A-overexpressing
cells displaying fragmented networks and ATAD3A-
knockdown cells displaying elongated mitochondria

(Fig. 6E). We also observed more branched mitochon-
dria in our cryo-ET datasets in ATAD3A knockdown
cells (Fig. S7A). Although we observed a decrease in
DRP1 recruitment in ATAD3A KD cells, we found that
the amount of DRP1 associated with POLG2 relative to
the entire mitochondrial network (Fig. 6F), does not sig-
nificantly change under knockdown conditions (Fig. 6G,
H). This would suggest that even under lower absolute
levels of ATAD3A, the gradient across the mitochon-
drial network, with specific enrichment at replicating nu-
cleoids, is maintained.

Along with DRP1, binding of ER at sites of replica-
tion is important for fission Lewis et al. (2016); Fried-
man et al. (2011). Consistent with this, we found that a
subpopulation of mitochondria with replicating mtDNA
formed close contacts (< 15 nm) with ER (Fig. 6I
and Fig. S7B, C), a well-established marker of mtDNA
replication-linked fission. These close ER-OMM con-
tacts formed in the same regions that had patches of
uniform ~12 nm OMM-IMM distance and were enriched
with ATAD3A tethers (Fig. 6H and Fig. S7C). Taken to-
gether, these results suggest that ATAD3A is required
for the recruitment of mitochondrial fission machinery at
sites of mtDNA replication.

Discussion
The signal linking mtDNA replication and mitochondrial
fission, two processes separated by the barrier of two
distinct mitochondrial membranes has remained un-
known, despite their functional coupling being estab-
lished nearly a decade ago Lewis et al. (2016). Using a
correlative cryo-ET pipeline and quantitative analyses,
we provide the first structural characterization of the
local microenvironment surrounding mtDNA replication
sites and identify the architectural features that under-
lie this coordination. Our findings reveal that replicating
nucleoids are surrounded by distinct membrane ultra-
structure, characterized by local remodeling driven by
clustered, inter-membrane spanning tethers composed
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Figure 4. ATAD3A assembles into an intermembrane space-spanning tether.
(A) Design of the N-terminus tagged GFP-ATAD3A construct, with representative confocal and STED images of cells expressing
GFP-ATAD3A and stained with anti-TOMM20 showing colocalization of GFP with TOMM20. (B) Schematic representing the
design of the GEM experiment. (C) A virtual slice from a 3D tomogram from a cell expressing GFP-ATAD3A and GEM donor
plasmid treated with the coupler A/C heterodimerizer. Segmented membranes (right). Zoomed-in view of inset (dashed yellow
rectangle) with black arrows marking GEM particles next to OMM (bottom). (D) Segmented membranes along with identified
GEMs (left). Zoomed in view showing identified GEM particles and ATAD3 tethers (right and bottom). (E) The distances of
identified GEMs from OMM, under both coupled and uncoupled conditions, are shown as a violin plot. Each data point represents
an individual GEM particle. (F) Relative percentage of GEMs over GEM-OMM distance. (G) Two representative examples
showing a GEM particle close to an intermembrane space-spanning tether with connecting density. Statistical significance in
F is calculated using the KS test (131 GEMs in uncoupled, 373 GEMs in coupled) (****p < 0.0001, ***p < 0.001, **p < 0.01,
*p < 0.05).

of ATAD3A. We show that this replication-dependent
ATAD3A enrichment is both necessary and sufficient to
recruit the mitochondrial fission machinery and induce
fission. Together, these results establish ATAD3A as a
structural scaffold that transmits information about the
replication state of mtDNA across multiple mitochon-
drial sub-compartments to the cytoplasmic machinery
that mediates fission.

While the interplay between large-scale mitochondrial
membrane (especially cristae) remodeling and mtDNA
has been established Kondadi and Reichert (2024), re-
cent work has suggested that more localized changes
can impact mtDNA signaling and function Newman et al.
(2024); Zhang et al. (2026); Sen et al. (2022); He
et al. (2022); Fu et al. (2023); Tábara et al. (2024).
Such localized changes have been proposed in bud-
ding yeast cells, where each nucleoid exerts a local
“sphere of influence” over surrounding membrane ar-
chitecture Jakubke et al. (2021). We observe that mito-
chondria with replicating nucleoids contain uniform, ~12
nm OMM-IMM distances relative to regions with non-
replicating nucleoids or mtDNA-free regions (Fig. 1),
demonstrating that membrane architecture is locally re-
modelled in a replication-dependent manner. This is
consistent with the “sphere of influence” model that pro-
poses that mtDNA state (such as, replication) could dic-
tate changes in the local microenvironment, which could
serve as a structural cue for cytosolic machineries to
sense the functional state of mtDNA nucleoids. Our
cryo-ET data provides direct evidence confirming this
model and identifies the specific membrane features,
such as uniform OMM-IMM spacing, that define this
zone.

A second defining feature of replicating nucleoid
microenvironments is the enrichment of membrane-
spanning tether densities in regions with consistent
OMM-IMM spacing. Physical tethers between the IMM
and OMM such as ATAD3A, have been proposed as
mediators of communication between interior and ex-
terior mitochondrial factors Ishihara et al. (2022); Zhao
et al. (2019); Brar et al. (2024); Teng et al. (2016).
Our study provides the first direct in-situ evidence that
such tethers cluster specifically at sites of active mtDNA
replication. Assigning molecular identities to specific
densities within cellular cryo-ET data has long been a

fundamental limitation of the field, but one that geneti-
cally encoded cryo-ET tags now make tractable. Using
the GEM-tag technology Fung et al. (2023), we iden-
tify these tethers as ATAD3A, the AAA+ ATPase whose
N-terminal domain faces the cytoplasm and whose c-
terminal ATPase domain is matrix localized. This unique
topology positions ATAD3A to span the intermembrane
space and interact with both mitochondrial matrix and
cytoplasmic components. Consistent with this, ATAD3A
had separately been shown to interact with both mtDNA
and DRP1 Zhao et al. (2019); He et al. (2007). We
propose that replication-associated decompaction of
mtDNA Brüser et al. (2021) exposes nucleoid binding
sites that drive local ATAD3A clustering, either through
direct DNA binding or via nucleoid-associated proteins
such as TFAM Ishihara et al. (2022) (Fig. S7D). The
local accumulation of ATAD3A would then result in the
local “zippering” of IMM to OMM across the intermem-
brane space at the mtDNA replication site, producing
the consistent inter-membrane distances we observed
in our cryo-ET data.

The functional consequence of local membrane re-
modeling and ATAD3A enrichment at mtDNA replica-
tion sites is the localized recruitment of mitochondrial
fission machinery. We show that ATAD3A-enriched
regions display increased association with ER mem-
branes and DRP1, two well-established markers of mi-
tochondrial fission. We show that ATAD3A overexpres-
sion enhances this association, whereas knockdown
reduces this recruitment, directly linking ATAD3A lev-
els to fission factor recruitment and completion at the
local level. These findings provide a structural basis
for prior observations that ATAD3A knockdown simul-
taneously impairs fission and disrupts nucleoid distribu-
tion, and that ATAD3A is required for replication-stress-
induced mtDNA release, unifying these phenotypes un-
der a single mechanism in which ATAD3A physically
couples replication state to membrane remodeling.

The concept of ATAD3A-dependent fission recruit-
ment is reminiscent of how bacteria position their di-
vision septum, where MinCDE gradients restrict Z-
ring assembly by locally concentrating division factors
above a threshold required for productive septation Wu
and Errington (2012). We propose that ATAD3A per-
forms an analogous function in mitochondria, wherein
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Figure 5. ATAD3A overexpression and knockdown remodels mitochondrial membranes.
(A) Representative 3D tomogram from a cell overexpressing GFP-ATAD3A (ATAD3A OE). (B) Per-triangle OMM-IMM distance
measurements mapped on the surface of the tomogram shown in A. (C) A zoomed-in view of mitochondria shown in B displaying
consistent OMM-IMM distance in the IBM region. (D) Representative 3D tomogram of ATAD3A knockdown (ATAD3A KD) cells.
(E) Per-triangle OMM-IMM distance measurements mapped on the surface for the tomogram shown in D. (F) A zoomed-in view
of mitochondria shown in E displaying variable OMM-IMM distance in the IBM region. (G) Peak histogram values from each
mitochondrion for OMM-IMM distance plotted as a violin plot for ATAD3A OE and ATAD3A KD cells, compared to mitochondria
with replicating mtDNA (same as Fig. 1). Each dot represents the peak value for the corresponding mitochondrion. (n = 26
replicating, 15 = ATAD3A OE, 42 = ATAD3A KD). (H) Frequency distributions for the area of patches extracted after applying a
threshold of 12–13 nm for the OMM-IMM distance. For statistical significance in G, coefficient of variation (CV) was calculated for
each group and compared using the Feltz & Miller asymptotic test for equality of CVs. Pairwise comparisons were performed using
a two-sample asymptotic Z-test, with Bonferroni correction applied for three comparisons (corrected ω = 0.0167). (****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05)

its mtDNA replication-dependent enrichment at adja-
cent membranes creates a local concentration of N-
terminal DRP1-binding sites that exceeds the threshold
required for productive fission (Fig. S7D). This is consis-
tent with the observation that not all DRP1 recruitment
events lead to membrane scission, and that DRP1 must
accumulate above a critical concentration to drive fis-
sion Ji et al. (2015); Zollo et al. (2026). In this model,
the ATAD3A gradient generated by mtDNA replication
state serves as a structural scaffold, ensuring that the
fission threshold is preferentially enriched at replication
sites rather than at random points along the mitochon-
drial network, thereby coupling the timing and position
of fission to mtDNA replication.

Taken together, our results support a model in which
mtDNA replication-dependent accumulation of ATAD3A
at adjacent membranes creates nanoscale IMM-OMM
tethers that remodel the surrounding microenvironment
and position the fission machinery at the replication site
for downstream fission. This mechanism resolves a
long-standing question about how two processes that
occur in distinct organellar compartments are spatially
coordinated. More broadly, these findings establish
a structural paradigm for inter-compartment organellar
communication, wherein the functional state of a pro-
cess on one side of a membrane is encoded in the
nanoscale architecture of the bounding membrane and
read out as a recruitment platform on the other.

Limitations of study
While this study establishes the structural basis for
ATAD3A-dependent coupling of mtDNA replication and
fission, several important questions remain. All ex-
periments in this study were performed in HeLa cells;
therefore, determining whether this mechanism oper-
ates similarly in post-mitotic cell types, such as neu-
rons, where ATAD3A variants cause neurodegenerative
disease, will be an important avenue for future investi-
gation. Additionally, our experiments rely on the tran-
sient expression of mScarlet-POLG2, which inevitably
leads to higher POLG2 levels than endogenous lev-
els. Whether mtDNA replication stress engages a simi-
lar structural pathway altering ATAD3A tether assembly,

local membrane architecture, and fission coupling re-
mains unknown. Given that ATAD3A is required for repli-
cation stress-induced mtDNA release, understanding
how replication stress modifies this structural scaffold
may reveal how the replication-fission axis contributes
to organellar quality control.
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Figure 6. ATAD3A overexpression and knockdown remodels mitochondrial membranes.
(A) Representative confocal images of HeLa cells ectopically expressing GFP-ATAD3A (ATAD3A OE) and stained with anti-
TOMM20 and anti-DRP1 antibody. (B) Violin plots for whole cell DRP1 intensity normalized to cell area (left) or mitochondrial
DRP1 intensity normalized to mitochondrial area (right). Each dot represents one cell. (n = 75 cells in untransfected and 96
cells in ATAD3A OE from 3 biological replicates). (C) Representative confocal images of ATAD3A KD HeLa cells stained with
anti-TOMM20 and anti-DRP1 antibody. (D) Violin plots for whole cell DRP1 intensity normalized to cell area (left) or mitochondrial
DRP1 intensity normalized to mitochondrial area (right). Each dot represents one cell. (n = 141 cells in NTC (no template control)
and 134 cells in ATAD3A KD from 3 biological replicates). (E) Violin plots for mean mitochondrial length, mean aspect ratio and
mean form factor for untransfected cells and ATAD3A OE cells (GFP-ATAD3A); and NTC (no template control) cells and ATAD3A
KD cells. Each dot represents one cell. (n = 75 cells in untransfected and 86 cells in GFP-ATAD3A, n = 141 cells in NTC
(no template control) and 134 cells in ATAD3A KD from 3 biological replicates). (F) Representative confocal images of ATAD3A
KD HeLa cells transiently expressing mScarlet-POLG2, stained with anti-TOMM20 and anti-DRP1 antibody. (G) Pairwise plot
showing normalized mitochondrial DRP1 intensity (normalized to mitochondrial area) and DRP1 intensity over mScarlet-POLG2
foci (normalized to mScarlet-POLG2 foci area) for both control (NTC) and ATAD3A KD cells. Each dot represents one cell (n = 44
cells in NTC (no template control) and 52 cells in ATAD3A KD from 2 biological replicates). (H) Fold change in DRP1 intensity
(over mScarlet-POLG2 foci/mitochondria) in F is plotted as a box plot. Each dot represents one cell (n = 44 cells in NTC (no
template control) and 52 cells in ATAD3A KD from 2 biological replicates). (I) Representative tomogram from the “replicating”
mtDNA category showing close OMM-ER contact (< 15 nm), OMM-IMM distance, and distribution of ATAD3A tethers. Statistical
significance in B, D, and G is calculated using the unpaired t-test. Statistical significance in F is calculated using a paired t-test.
(****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05)
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Methods
Cell lines and growth conditions
HeLa cells and U2OS cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM) + GlutaMax supple-
mented with 10% FBS and Glutamine (4 mM). Cells
were incubated at 37°C with 5% CO2 and utilized for
experiments only up to passage 23 and were regularly
tested for mycoplasma. For transfections, cells were
grown to →70% confluency and transfected with Lipo-
fectamine 3000 (Thermo Fisher Scientific).

Grid preparation

SYBR Gold and mScarlet-POLG2 experiments: HeLa
cells were transfected with a plasmid expressing
mScarlet-POLG2 at →70% confluency in a 10 cm dish.
The transfection media was replaced with fresh media
after 4 hours and the cells were allowed to incubate
overnight. The following day, cells were trypsinized with
1 ml trypsin and resuspended in 4 ml of sorting buffer
(1X PBS Ca/Mg++ free), 2.5 mM EDTA, 25 mM HEPES
(pH 7.0), 1% FBS (Heat inactivated), 1% Pen-Strep).
The cell suspension was kept on ice until sorting into
6 well plates containing EM grids. Quantifoil R1/4 or
2/2 Holey Carbon Grids were UV sterilized, and plasma
cleaned using Solarus plasma cleaner for 7 seconds.
Grids were then coated with fibronectin (0.5 mg/ml) by
placing them inverted on a droplet containing a 1:1 mix
of fibronectin (1 mg/ml) and PBS for 15 minutes. The
grids were then transferred to PBS and then immedi-
ately placed in a 6 well plate and 1 ml of fresh culture
media was added to each well. 50,000 to 70,000 cells
were sorted into each well containing grids, gated to
select for cells positive for mScarlet fluorescence. Post
sorting, the plates were incubated for →8 hours. Prior
to vitrification, the cells were stained with SYBR Gold.
For this, 0.5 µl/ml of SYBR Gold (10,000X stock in
DMSO, Thermo Fisher Scientific) was prepared in fresh
culture media and prewarmed. Culture media from
6 well plate was aspirated and replaced with media
containing SYBR Gold and incubated for 6–8 minutes.
Cells were then washed twice with prewarmed culture
media and the grids were taken for vitrification.

GEM experiments: Quantifoil R1/4 or 2/2 Holey Car-
bon Grids were used for cryo-ET experiments. The
grids were UV sterilized, and plasma cleaned using So-
larus plasma cleaner for 7 seconds. Grids were then
coated with fibronectin (0.5 mg/ml) by placing them in-
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verted on a droplet containing a 1:1 mix of fibronectin
(1 mg/ml) and PBS for 15 minutes. The grids were
then transferred to PBS and then immediately placed
in custom grid holders inside a MatTek dish. HeLa cells
were trypsinized from a 10 cm plate by aspirating used
media, washing with 2 ml PBS and then adding 1 ml
Trypsin-EDTA. Cells were incubated with Trypsin for →5
mins, then resuspended in 9 ml fresh media. In a sepa-
rate tube, →35 µl of this cell suspension was mixed with
265 µl of fresh media, the final 300 µl of cell suspen-
sion was then placed on top of the grids placed in the
grid holder in MatTek dishes. Cells were allowed to ad-
here to the grids for 30 min, and then 2 ml of fresh media
was added to the MatTek dishes and incubated. Grids
were incubated for →8 hours and then cells were trans-
fected with GFP-ATAD3 and GEM donor plasmid. The
transfection mix was removed after 4 hours and 2 µg/ml
doxycycline was added after 16 hours of overnight in-
cubation. The cells were incubated for 24 hours and
then treated with 0.5 µM A/C heterodimerizer (Takara)
and 50 nM Halo tag (HT105A) ligand for 1 hour before
vitrification.

For vitrification, grids were plunge frozen in an
ethane/propane mixture using a Vitrobot Mark 4
(Thermo Fisher Scientific). The Vitrobot chamber was
maintained at 37°C and 90% relative humidity. Blotting
was performed manually using a Whatman #1 filter pa-
per from the side port of the Vitrobot chamber for 12–15
seconds. Post-vitrification, grids were clipped in Cryo-
FIB Autogrid (Thermo Fisher Scientific).

Cryo-fluorescence microscopy

Pre-Cryo-FIB milling fluorescence images were ac-
quired on a Leica CryoCLEM widefield microscope. A
montage of fluorescence and brightfield image z-stacks
(→25 µm) was acquired using the Matrix Maps feature
of Leica LasX acquisition software. The microscope is
equipped with a sola light engine light source, and filter
cubes for GFP (470/40 Dichroic, 495 Emission 525/50),
RFP (546/10 Dichroic, LP 560 emission BP 585/40) and
Y5 (620/60 excitation, 660 emission 700/75) and a Le-
ica DFC9000 GT camera with HC PL APO 50↓/NA
0.9 objective. Post-cryo-FIB images were acquired with
a METEOR in-chamber fluorescence imaging system
driven by Odemis version 3.6.3 software Smeets et al.
(2021). Z-stacks of thickness 4 µm with step size
0.5 µm were acquired at each milled lamella site. Cor-
relation between EM and FM images was performed us-
ing eC-CLEM plugin in Icy Software Heiligenstein et al.
(2017). Briefly, the fluorescence image acquired us-
ing METEOR was correlated to the SEM image of the
lamella. Simultaneously, high magnification polygon
montages were correlated to the low magnification TEM
images of the lamella. The transformed fluorescence
and SEM images were also correlated to the low mag-
nification TEM images. Only rigid body transformations
were allowed for all the correlations.

Cryo-FIB milling
Cryo-FIB milling was performed on an Aquilos dual-
beam cryo-FIB/SEM microscope (Thermo Fisher Scien-
tific). Prior to milling, grids were coated with an organo-
platinum layer using a gas injection system for 30 sec-
onds. A sputter coat was applied for 15 seconds (1 kV,
20 mA, 10 Pa). Milling was performed using AutoTEM
as previously described Barad et al. (2023). After the
automatic rough milling and thinning were completed,
lamella were polished to a final thickness of →150–
200 nm using an ion beam of 50 pA. Upon completion
of polishing, a final layer of sputter coating was applied
for 22 seconds (1 kV, 10 mA, 10 Pa).

Tilt series data collection
Tilt series acquisition was performed on a 300 keV Titan
Krios microscope (Thermo Fisher Scientific), equipped
with a K3 Summit direct electron camera and a Bio-
Quantum energy filter (Gatan). SerialEM Mastronarde
(2005) was used to acquire a low dose (1 e→/Å2) TEM
image at 33k magnification at each lamella site. These
images allow us to visualize cellular features, including
mitochondria, with characteristic inner and outer mem-
branes. Multiple tilt series were acquired using a Python
based parallel cryo-ET (PACE-tomo) Eisenstein et al.
(2023) data collection at a magnification of 53k and a
pixel size of 1.662 Å and a defocus range of ↔4 to ↔6.
The grid was tilted ↔60°to +60°in 3°steps centered on
a pre-tilt of ↔10°, and the tilts were acquired with dose
fractionation at 0.3 e→/Å2 per frame, with 10 frames
each tilt leading to a total dose of 3 e→/Å2 per tilt.

Tilt series reconstruction and processing
CTF estimation and motion correction on dose-
fractionated tilt series was performed in Warp, and
an averaged tilt series was generated for align-
ment Tegunov and Cramer (2019). For tilt se-
ries alignment, either a patch tracking model or a
bead tracking model (using fiducials from sputter
coating) was used in etomo Mastronarde and Held
(2017). The resulting alignment files were imported
into Warp to generate tomostar files, which were dose-
adjusted using adjust_tomostar.py (https://github.
com/GrotjahnLab/warp_lamella_adapters). Final
tomograms were reconstructed in Warp, at bin 6 (pixel
size 9.98 Å) or bin 8 (pixel size 13.30 Å). During re-
construction, half maps were generated for denoising in
Deepdewedge Wiedemann and Heckel (2024). A Deep-
dewedge model was trained on 2 selected tomograms
with a subtomogram size of 72 pixels. The trained
model was then used to refine all the tomograms in the
dataset.

Membrane segmentations and Surface morphomet-
rics
Membrane segmentations were performed on denoised
tomograms at a pixel size of 9.98 Å using Membrain-
Seg Lamm et al. (2025). The segmentations were then
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imported into AMIRA for manual correction and anno-
tation of distinct membranes, such as OMM, IMM and
ER. These annotations were exported as different label
files for further morphometrics analysis. For each label
file, segmentations were first converted to membrane
meshes followed by pycurv analysis, as described pre-
viously Barad et al. (2023).

GEMs particle picking and subtomogram averaging
We used a pretrained model Fung et al. (2023) in
Deepict de Teresa-Trueba et al. (2023) to locate GEM
particles in our tomograms. We ran DeePiCT predic-
tions on both, warp-generated tomograms at a pixel
size of 13.3 Å, and the same tomograms filtered in
eman2 Tang et al. (2007) with the following parame-
ters: filter.low-pass.gauss:cutoff_abs=0.25,
filter.highpass.gauss:cutoff_pixels=5,
normalize,threshold.clampminmax.nsigma:
nsigma=3. The predictions were filtered with a 0.5
threshold, and then the two sets of particles were
combined and duplicates removed using a python
code. The combination particle sets were then im-
ported in Cube and obvious false-positives (particles
inside mitochondria or other membrane compartments,
outside of the tomogram, and the ones located on frost)
were removed manually. The rest of these particles
were then assigned random Euler angles and imported
into i3. We performed 1 cycle of translational only
and 3 cycles of translational and rotational alignments
in i3. All the remaining particles were retained for
final alignment since no obvious false positives were
identified upon classification (Fig. S5C). The alignment
information (in the trf format) was then extracted and
converted into star files for further in-context analysis.

Clustering analysis
To assess clustering of ATAD3 tethers, we utilized To-
mospatstat Martin-Solana et al. (2024), which employs
Ripley’s K function K(r) to determine the number of
tethers present within a given radius r. We plot the
ratio K(r)/Kcsr(r), where Kcsr(r) represents a value
expected from complete spatial randomness (csr). In a
scenario where there is no clustering, this ratio would
be equal to 1. We combine the maximum value of
K(r)/Kcsr(r) for different radii intervals from multiple
tomograms and plot them as violin plots. The identi-
fied coordinates for tethers resulting from blinded man-
ual particle picking were used as input for this analysis.

Tether vs random patch analysis
Tether membrane patches were identified by using the
starfile containing coordinates for manually identified
tethers. We used find_IMM_patches_for_ATP_syn-
thase.py script (https://github.com/GrotjahnLab/
patch_analysis/blob/main/find_IMM_patches_
for_ATP_synthase.py) to find the coordinates and
identifiers of the nearest OMM surface triangle and

generate random patches. Subsequently, the corre-
sponding tether membrane patch was defined by all the
triangles within a 10 nm distance.

ATAD3A tomogram simulation
The AlphaFold model of the ATAD3A and PDB files
of OMM and IMM from CHARMM were assembled in
ChimeraX Pettersen et al. (2021) and all the water
molecules were removed. We expanded each mem-
brane 5↓5 and combined the PDB files. We gener-
ated an MRC model at pixel size of 3.32 Å of ATAD3A
model between the membranes using MolMap function
in ChimeraX. The volume generated using molmap has
values between 0 and 1. To match the contrast with
simulated tomograms we multiplied every voxel value
by 1000 and then added random gaussian noise with
a mean of 100 and standard deviation of 25. The re-
sulting MRC model was binned by a factor of 3, to be
imported in Cryotomosim Purnell et al. (2023) to create
a simulated tomogram. For simulation, we generated
a 400↓400↓100 tomogram, using tilts of ±60° with a
step size of 3° and defocus of ↔4 µm. Dose damage
and tilt error were turned off to increase contrast.

Fluorescence microscopy and image analysis
Cells were fixed with prewarmed 4% Image-IT
paraformaldehyde fixative solution (Thermo Fisher Sci-
entific) for 20 minutes at room temperature (RT). Fix-
ation was quenched with a 0.1M Glycine solution pre-
pared in PBS for 5 minutes with gentle shaking. Cells
were then permeabilized using 0.1% Triton-X 100 in
PBS for 10 minutes. After permeabilization, blocking so-
lution (0.1% Tween-20 and 1% BSA in PBS) was added
to the coverslips and incubated at RT for 1 hour with
gentle shaking. This was followed by incubation with
primary antibody prepared in blocking solution for 1 hr
at RT with gentle shaking. Subsequently, coverslips
were washed thrice with PBS (each wash for 8 min)
and probed with the secondary antibody prepared in
blocking solution. The coverslips were washed again
with PBS and mounted using SlowFade Diamond An-
tifade soft-setting mountant with DAPI. Antibodies used:
anti-ATAD3A (Sigma-Aldrich; HPA065305; 1:250 dilu-
tion), anti-DNA (Sigma-Aldrich; CBL186 anti DNA an-
tibody clone AC-30-10; 1:250 dilution), anti-TOMM20
(AbCam; ab56783; 1:500 dilution); anti-Drp1 (Protein-
tech; 129571-1-AP; 1:250 dilution), Star-Red secondary
antibody (Abberior, NC1933870, 1:1000 dilution), Star-
Orange secondary antibody (Abberior, NC1933866,
1:1000 dilution), Alexa Fluor 488 anti-Mouse IgG sec-
ondary antibody (AbCam; ab150113; 1:1000 dilution).

Confocal imaging was performed on a Zeiss LSM 880
confocal microscope equipped with a 32-channel array
detector (Quasar), 2 side PMT detectors and a 63↓
Plan-Apochromat NA 1.4 objective. Images were ac-
quired at a pixel size of 0.07 µm. For STED imaging,
the Abberior Facility Line 3D STED “super-resolution”
microscope equipped with two pulsed STED depletion
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lasers (775 nm & 595 nm) and spectral detection (3 APD
detectors and 1 Matrix detector) and an Olympus 60↓
UPLanXApo NA 1.42 objective was used. Images were
acquired at a pixel size of 0.02 µm.

Images were deconvolved using Huygens Profes-
sional software for visualization and segmentation. All
image analysis was performed in Fiji. For the segmen-
tation of mitochondria, a custom pipeline was set up in
Fiji, briefly involving the following steps: (a) background
subtraction (rolling ball radius: 50 pixels); (b) sigma filter
plus (c) enhanced local contrast (CLAHE); (d) tubeness
filter (e) images conversion to 8-bit; (f) thresholding (g)
images conversion to mask, despeckled, and outlier re-
moval. Mitochondrial descriptors (branch length, area,
and number of junctions) were obtained using MitoAn-
alyzer Chaudhry et al. (2020). For detecting clusters
in STED resolved images, ‘Find Maxima’ function with a
prominence score of > 5 was used, and then the SSIDC
cluster indicator in BioVoxxel Toolbox was used with a
distance of 0.5 µm and minDensity of either 5 or 15 par-
ticles Brocher (2026).
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