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Abstract: Mitochondria assemble in a dynamic tubular network with a morphology governed by
mitochondrial fusion and fission, which regulate all mitochondrial functions including oxidative
phosphorylation *™. Yet, the link between mitochondrial morphology and respiration remains
unclear >. Here, we discover a previously unknown mitochondrial morphology dedicated to
respiratory growth of Saccharomyces cerevisiae, which we refer to as “Ringo”. The Ringo
morphology is characterized by stable constrictions of mitochondrial tubules. Ringo constrictions
are mediated by the yeast dynamin Dnm1 and, unlike mitochondrial fission ***2, occur in the
absence of contacts with the endoplasmic reticulum. Our data show that the Ringo morphology
regulates mitochondrial DNA homeostasis during respiration to ensure stoichiometric assembly
of OXPHOS complexes, demonstrating that the shape of mitochondria actively contributes to
optimal respiration.

One-Sentence Summary: We report a new mitochondrial morphology that actively contributes
to optimal respiration in yeast.


https://doi.org/10.1101/2024.03.21.582105

10

15

20

25

30

35

40

45

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.21.582105; this version posted March 22, 2024. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Singh et al.

Main Text: Mitochondriaform tubular structures inside the cell that associate in an intricate
membrane network. The morphology of these tubules is conditioned by an equilibrium between
frequent fusion and fission events mediated by large GTPases of the Dynamin-Related Proteins
(DRP) superfamily *. Among the DRPs, Dnm1 and DRP1 mediate fission of the outer
mitochondrial membranein yeast and metazoans *****. The DRPs are recruited to
mitochondrial membranes by specific mitochondrial adaptors that accumulate at sites of contact
between mitochondria and the Endoplasmic Reticulum (ER). Once recruited, Dnm1 and DRP1
auto-oligomerize in a GTP-dependent manner to form macromolecular spirals which wrap
around mitochondrial tubules that have been pre-constricted by the ER ****°. GTP hydrolysis
reduces the diameter of the spiral, resulting in hyper-constriction of the mitochondrial tubule and
eventual fission. Together, mitochondrial fusion and fission guide mitochondrial dynamics and
regulate key mitochondrial functions including oxidative phosphorylation >®. Yet, it is not
known to what extent the morphology of the mitochondrial network affects respiration ’. The
model organism Saccharomyces cerevisiae isan ideal system to study the crosstalk between
mitochondrial dynamics and metabolism. Depending on the carbon source that is provided in the
culture medium, Saccharomyces cerevisiae can grow either through respiration or fermentation.
Glycerol or ethanol induce respiratory growth , whereas D-glucose, also called dextrose, inhibit
respiration even in the presence of oxygen, and is a preferred fermentative carbon sources ***.

Discovery of the Ringo mitochondrial mor phology

We analysed mitochondrial morphology during fermentation (dextrose containing media, Y PD)
or respiration (glycerol containing media, Y PG) first using confocal microscopy in cellsin which
the outer mitochondrial membrane (Tom70-GFP) and matrix (mito-mCherry) were fluorescently
labelled. In confocal images, whose resolution is ~250 nm, mitochondrial outer membranes and
matrices were co-localized and no differences in morphology were observed during fermentation
compared with respiration (Fig. 1a). Structured [llumination Microscopy (SIM) is a super-
resolution imaging method that improves the resolution to ~125 nm. Thanks to the improved
resolution of SIM, mitochondriain fermentation conditions clearly appeared as tubes, with athin
tubular matrix surrounded by the outer membrane (Fig. 1b and S1a). Strikingly, SIM revealed
that tubules underwent extensive rearrangements upon respiration. Thisreorganization is
reflected in numerous constrictions of the outer membrane, which resemble beads on a string in
2D. The matrix, on the other hand, appeared disconnected (Fig. 1b and Sla). We name this
morphology of respiratory mitochondria, which to our knowledge has not been reported before,
"Ringo".

To verify thisfinding with a different imaging method, we used photo activated localization
microscopy (PALM), which achieves spatial resolutions of 20-50 nm, in Tom70-mEos2 cells.
Mitochondrial networks imaged by PALM in cells grown in dextrose (Y PD) were tubular, while
those imaged in cells grown in glycerol (YPG) were formed of connected rings similar to those
captured by SIM, providing independent confirmation of the Ringo morphology (Fig. 1c and
S1b). The Ringo morphology was observed regardless of the protein used to label the outer
mitochondrial membrane (either Om45-GFP or Tom70-GFP), indicating that this phenotypeis a
property of the outer membrane shape rather than of specific membrane proteins (Fig. 1b and
Extended Data Fig. 1c).

The Ringo mitochondrial morphology islinked to respiration
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Our clear-cut observation that the Ringo morphology occurs during cell growth in glycerol

media while the mitochondrial network is essentially tubular in dextrose media suggests a
possible functional link between the formation of Ringo mitochondrial networks and oxidative
phosphorylation. To further test this association, we analysed mitochondrial morphology in
ethanol, another medium that promotes respiration. Again, the Ringo morphology was dominant
(Extended Data Fig. 2a). When yeast is grown in dextrose media, this source of carbonis
progressively depleted, and cells switch to self-produced ethanol as arespiratory carbon source
to continue growing. If the Ringo morphology is associated with respiration, we therefore expect
a switch from atubular morphology to the Ringo morphology as function of time. We indeed
observe this switch after 4-6 hours of growth in 2% dextrose media (Extended Data Fig. 2b). If
this switch is due to dextrose depletion, it should occur earlier if less dextrose is available
initially. This prediction is borne out in experiments where we lowered the percentage of
dextrose (Fig. S2c). Conversely, we confirmed that the Ringo morphology reverts to the classical
tubular morphology when cdlls get transferred from glycerol to dextrose media (Extended Data
Fig. 2d). Unlike in glycerol or ethanal, cells grown in galactose or raffinose media can use both
respiratory and fermentative growth **%. If Ringo and tubular morphologies are associated with
respiration and fermentation, respectively, we expect a mixture of these morphologies. Indeed,
we observed that when grown in media with either of these two distinct carbon sources, 27% of
cells displayed tubular mitochondriawhereas 63% had Ringo mitochondrial networks (Extended
Data Fig. 2e). These experiments further support a close link between the Ringo morphology and
respiration.

The Ringo mor phology isformed by constrictions of the mitochondrial networ k

Axial projections of cells expressing Tom70-GFP (outer membrane) and mito-mCherry (matrix)
as mitochondrial markers of tubular (Extended Data Fig. 3a), fragmented (Extended Data Fig.
3b) or Ringo networks (Extended Data Fig. 3c), suggested that mitochondria with Ringo
morphology are not separated from each other (Extended Data Fig. 3c). Instead, the matrix
apparently remains continuous between each outer membrane compartment of the Ringo
network (Extended Data Fig. 3c), suggesting an unconventional mitochondrial architecture
maintained by repetitive congtrictions of mitochondrial tubules. However, the resolution of SIM
or PALM areinsufficient to rule out discontinuous membranes in close proximity resulting from
afission event. We therefore complemented fluorescence imaging with Transmission Electron
microscopy (TEM) and Cryo-Electron Tomography (Cryo-ET) analysis. These methods
confirmed that mitochondria of cells grown in dextrose-containing media (Y PD) were overall
tubular, whereas mitochondria of cells grown in glycerol-containing media (Y PG) were
remodelled by numerous constrictions (Fig. 1d-e and Extended Data Fig. 4-5). The diameter
(Fig. 1f) of Ringo mitochondria (0.31 to 0.44 um) was wider than that of tubular mitochondria
(0.231t0 0.35 um). In glycerol as compared to dextrose media, the number mitochondrial
constrictions (Fig. 1g) increased by 3 (Cryo-ET) to 6 (SIM and TEM) fold and the number of
rings (Fig. 1h) by 2 (TEM), 3 (cryo-ET) or 6 (SIM) fold. These results thus confirm major
changes in mitochondrial morphology upon respiratory (Y PG) as compared to fermentative
growth (YPD) and reveal that the Ringo morphology is formed by numerous constrictions of
mitochondrial tubules.

Dnml and Mdv1l arerequired for formation of the Ringo mor phology
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Mitochondrial constriction is generally considered to be a prerequisite for fission, which in yeast
involves the Dnm1 DRP '3 |f Dnm1 also promotes constrictionsin the Ringo morphology,
its ablation should abolish formation of this phenotype. SIM analysis of dnml4 cells labelled
with Tom70-GFP and mito-mCherry confirmed that the absence of DnmL1 results in hyperfused
mitochondria * upon fermentative growth (Fig. 2aand S6a, Y PD). Respiratory conditions that
produce the Ringo morphology in WT cells, led to another previously unknown mitochondrial
phenotype in dnmlA4 cells (Fig. 2aand S6a, Y PG). The dnml4 mitochondrial network is
characterized by significantly wider mitochondrial diameters and equally frequent but seemingly
more random constrictions than in the Ringo morphology (Extended Data Fig. 6b). We named
this new mitochondrial morphology Muskaan (after the newborn daughter of M. K. Singh).

Mitochondrial recruitment of Dnm1 occurs through the mitochondrial adaptors Mdvl or Caf4
which can themselves interact with the mitochondrial anchor Fis1 #7%°. Absence of Caf4 neither
affected tubular morphology in fermentation nor the Ringo morphology in respiration (Fig. 2b
and S6c¢). In mdvlA cells, however, the Ringo morphology was no longer observed in respiratory
growth and was instead replaced by the Muskaan morphology (Fig. 2¢ and S6d). These results
indicate that proper formation of the Ringo phenotype requires Dnm1 and Mdv1 but not Caf4.

The Muskaan morphology captured in the absence of Dnm1 or Mdv1l isclearly distinct from the
Ringo morphology seen in WT cells. Cryo-ET analysis further revealed that mitochondria from
dnml4 cells grown in respiratory conditions display a significant reorganization of cristae as
compared to mitochondria from WT cells (Fig. 2d and 2€). Cristea of Muskaan mitochondria
were not only much longer than those of Ringo networks (Fig. 2f) but also often extended across
the whole width of the organelle (Fig. 29), leading to numerous separations of the mitochondrial
matrix (Fig. 2d, bridging cristae). Another intriguing difference between Muskaan and Ringo
networks relates to the presence of ER at constriction sites (Fig. 2h). Constriction sites of
hyperfused and Muskaan mitochondria were systematically decorated with ER membranes,
which are known to be required to initiate mitochondrial fission *°. Thisis consistent with
abortive mitochondrial division in the absence of Dnml. In contrast, the ER was only rarely
detected in the vicinity of the numerous constrictions of Ringo networks (Fig. 2h). These results
suggest that Ringo constrictions require Dnm1 but not contact sites with the ER.

The Ringo mor phology isformed in the absence of contacts between mitochondria and the
Endoplasmic Reticulum

In yeast, contact sites between the ER and mitochondria are mediated by the ERMES
(Endoplasmic Reticulum and Mitochondria Encounter Structures) complex that includes four
core components — Mmm1, Mdm34, Mdm12 and Mdm10 - with Mmm1 being integral to ER
membranes . As a consequence, mitochondrial localization of Mmm1 signals contact sites with
the ER. To further assess the roles of Dnm1 and the ER, we analysed the localization of Dnm1-
GFP and Mmm1-GFP on mitochondrialabelled with Tom70-mCherry under fermentative and
respiratory conditions (Fig. 3a; left images). Surprisingly, we observed atwo-fold increase in the
number of Dnm1-GFP puncta upon respiratory compared to fermentative growth (Fig. 3a; right
graphs). This difference was confirmed by western blot analysis, in which the expression of
endogenous Dnm1 increased significantly upon respiratory growth (Fig. 3b; left blot). The
increase in Dnm1l istranscriptionally regulated, since placing DNM1 expression under the
control of the congtitutive TEF promoter abolished Dnm1 variations between fermentation and
respiration (Fig. 3c). Most importantly, in contrast to Dnm1, no changes in the number of
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Mmm1-GFP puncta or the expression levels of Mmm1-GFP were observed (Fig. 3a, right graph
and 3b, right blot). Consistent with this, Dnm1 recruitment on mitochondriaincreased by more
than two-fold in respiration as compared to fermentation, whereas Mmm1 was unchanged (Fig.
3d).

We reasoned that the mitochondrial recruitment of Dnm1 without ER contacts generates stable
constrictions as those seen in the Ringo network whereas DnmL recruitment at mitochondria-ER
(mito-ER) contact sites leads to mitochondrial fission. To test this hypothesis, we followed
mitochondria fission over time using SIM (Extended Data Fig. 7a) and assessed co-recruitment
of Mmm1 and Dnm1 at mitochondrial fission sites (Fig. 3e-f). This experiment revealed that the
rate of mitochondrial fisson isidentical in fermentation (where tubular mitochondria dominate)
and in respiration (where Ringo networks dominate), with on average 0.28 fission events per cell
over 3 minutes of acquisition (Extended Data Fig. 7a). Quantification of Mmm21-GFP and
Dnm1-mCherry on more than 200 fission sites also confirmed that both proteins co-localizein
the vast mgjority (about 80%) of fission events (Fig. 3f). These results confirm that Dnm1
recruitment at mito-ER contact sites correlate with effective mitochondrial fission. In contrast,
Dnml recruitment at mitochondria but not at mito-ER contacts would generate regular
constrictions forming the Ringo networks. We evaluated this further by quantifying the amount
of Dnm1 and Mmm1 puncta at mitochondrial congtriction and non-constriction sites (Fig. 3g left
images). Importantly, we observed that Dnm1 localization at non-congtriction sitesis
significantly lower in respiration than in fermentation, and its localization at the junction of rings
is more than double in respiration than in fermentation (Fig. 3g, |eft graphs). In contrast, no such
redistribution between fermentation and respiration was observed for Mmm1 (Fig. 3g, right
graphs). These results support a mechanism in which Dnm1 triggers repetitive constrictions
within the Ringo mitochondrial network that do not result in fission in the absence of contacts
with the ER.

The Ringo mor phology isrequired for optimal respiration

Cdllsthat respire need an increased mitochondrial protein import than cells that undergo
fermentation ?’. We therefore predict that in conditions that allow for the presence of both
morphologies, Ringo networks are associated with enhanced import than tubular networks. To
test this prediction, we used a preCox4-mCherry construct as a marker for mitochondrial import
efficiency ?® and performed dual color imaging with Tom70-GFP upon growth in galactose and
raffinose media. We observed that mitochondrial mCherry intensity is 30% to 35% higher in
cells with Ringo than cells with tubular networks (Extended Data Fig. 7b), thereby providing yet
another confirmation that the Ringo phenotype is associated with respiration.

To explore the causal relationships between the Ringo morphology and respiration, we next
tested if blocking oxidative phosphorylation would prevent the Ringo phenotype. Treatment of
WT cellswith 1 uM Antimicyin A, an inhibitor of the respiratory chain acting on complex 111 %,
did not affect tubular morphology in dextrose media (Extended Data Fig. 8a, top graphs) but
induced extensive fragmentation of the Ringo network in glycerol already 15 minutes after
treatment (Extended Data Fig. 8a, bottom graphs). Notably, fragmented mitochondria gradually
fused into tubular networks after 60 min of treatment but the Ringo morphology was never
recovered in this timeframe (Extended Data Fig. 8a, bottom graphs). These results suggest that
oxidative phosphorylation is essential for maintaining the Ringo morphology.
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Conversely, we asked whether blocking the formation of Ringo networks affects respiration. For
this purpose, we relied on our observation that absence of Dnm1 induces disorganization of the
Ringo network, giving rise to the Muskaan morphology (Fig. 2). We observed that Muskaan
mitochondria from dnmlA4 cells display a 23% decrease in preCox4-mCherry mitochondrial
import as compared to Ringo networks from WT cells (Extended Data Fig. 8b; Y PG; WT vs
dnmlA). This decrease in protein import was accompanied by impaired growth of dnml4 cells
on glycerol media (Fig. 4a; YPG). Thus, DNM1 ablation resultsin significant inhibition of
respiration. Notably, reintroduction of Dnm1 in dnml14 cells (Extended Data Fig. 8c) not only
restored respiratory growth (Fig. 4a; Y PG) but also reversed mitochondrial morphology from
Muskaan to Ringo networks (Fig. 4b, S8d and S8e). The remaining aggregated, Muskaan and
hyperfused mitochondria are likely caused by random loss of the DNM1 plasmid from dnml14
cells (Fig. 4b, S8d and S8e). These results indicate that inhibition of both respiratory capacity
and Ringo morphology formation are exclusively caused by the absence of DnmL1.

In this context, decreasing Dnm1 expression during respiratory growth may impact the formation
of Ringo constrictions and lead to tubular networks. The DNM1 gene was thus placed under the
control of the ADH1 promoter (Fig. 4c), which is documented to be repressed under respiratory
conditions . As a control, the CYC1 promoter which is activated upon respiration ** was used to
mimic endogenous expression of Dnm1 (Fig.4c). High expression of Dnm1 from the CYC1
promoter led to formation of Ringo networks in glycerol media (Fig. 4d). However, lower
expression from the ADH1 promoter resulted in a decrease of Ringo networks upon respiratory
growth (YPG), from 49% in CYCL1 to 28% in ADH1, and a concomitant significant increase of
cells with tubular networks, from 10% in CYC1 to 39% in ADH1 (Fig. 4e). Respiratory growth
remained unaffected at 23°C and 30°C for ADH1 cellsand at all temperatures for CYCL cells
(Fig. 4f and S8f). However, at 37°C, the decreased formation of Ringo networks upon Dnm1l
expression from the ADH1 promoter induced a 49% respiratory growth delay as compared to WT
cells (Fig. 4f). These resultsindicate that affecting formation of the Ringo mitochondrial
morphology by decreasing Dnm1 expression promotes partial respiratory growth inhibition.
Thus, the Ringo morphology is not essential, but is required for optimal respiration, which
supports acausal link between mitochondrial form and function.

I nvolvement of the Ringo mor phology in maintenance of mitochondrial DNA homeostasis
during respiration

To further evaluate the mechanistic link between the Ringo phenotype and optimal oxidative
phosphorylation, we assessed the expression of distinct subunits of OXPHOS complexes upon
the formation of Ringo and Muskaan mitochondrial networks. We monitored the expression of
Cox1, Cox2 and Cox4, three distinct OXPHOS subunits of complex IV, and Porl, an outer
membrane mitochondrial porin in WT and dnm14 cells upon fermentative and respiratory
conditions (Fig. 5 a-c). We observed that while expression of Porl and Cox4 was unaffected by
DNML1 ablation (Fig. 5a), the levels of Cox1 (Fig. 5b) and Cox2 (Fig. 5¢) were significantly
decreased in respiratory conditions. The disruption of complex IV stoichiometry may be the first
indication that Ringo networks are required for optimal oxidative phosphorylation. Y et, amore
intriguing observation isthat Cox1 and Cox2 are encoded by mitochondrial DNA (mtDNA)
whereas Cox4 and Porl are encoded by the nuclear genome. This suggests that the Ringo
mitochondrial morphology may participate in mtDNA homeostasis during respiration.
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To address this possibility, we visualized mtDNA using Hoechst-based point accumulation in
nanoscale topography (PAINT), a super-resolution technique suited to imaging DNA *. We
visualized intracellular DNA by Hoechst-PAINT during fermentative and respiratory growth in
wild-type and dnml4 cells (Fig. 5d). As expected from the known increase in mtDNA copy
number upon respiratory as compared to fermentative growth *, Hoechst-PAINT showed that
mMtDNA localizations significantly increase upon respiration (Fig. 5e and 5f; WT). This mtDNA
increase is unlikely caused by additional mito-ER contacts and mitochondrial fission events
since both occur at equivalent frequencies in fermentation and respiration conditions (Fig. 3d and
S7a). Consequently, if the Ringo morphology participates in the increase of mtDNA during
respiration, this increase should be blocked by abrogation of Dnm1 expression. Hoechst-PAINT
revealed that in absence of Dnm1, high amounts of mtDNA localizations are present in
fermentation, upon hyperfused mitochondrial networks formation (Fig. 5e; dnmlA4). However,
theincrease in localizations seen in WT cells during respiration with Ringo networks (Fig. 5e and
5f; WT) was totally abolished in dnmlA4 cells with Muskaan mitochondria (Fig. 5e and 5f;
dnmlA). These data are consistent with arole of the Ringo morphology in regulating the amount
of mtDNA during respiration.

Discussion

The correlation of mitochondrial morphology and respiration in fungi has been the subject of an
ongoing debate >*®°. However, the limitations of confocal microscopy in characterizing
mitochondrial morphology at high-resolution have thus far hindered a clear understanding of the
impact of mitochondrial form on oxidative phosphorylation >°. Our results reveal that regular
constrictions mediated by Dnm1 along the mitochondrial network during respiration give rise to
the formation of a previously unknown morphology we refer to as “Ringo”. The data support a
model in which the Ringo morphology maintains optimal levels of mtDNA to favor
stoichiometric assembly of OXPHOS complexes. The mechanism of mitochondrial congtrictions
isdistinct from mitochondrial division, since recruitment of Dnm1 to outer membranes occurs
independent of contacts with the ER. The signals that trigger Dnm1 targeting to mitochondriain
the absence of ER contacts remain elusive. Y et, the Mdv1 adaptor together with increased
expression of Dnm1 during respiration likely plays arolein this process. Intriguingly, a similar
increase of the mammalian dynamin DRP1 accompanied with extensive remodelling of
mitochondrial morphology has been observed in skeletal muscle during exercise *. This suggests
that mechanistic and functional features of the Ringo mitochondrial morphology may be
evolutionally conserved, serving to optimize oxidative phosphorylation across species.

Methods

Y east culture and transformation.

The saccharomyces cerevisiae strains used in this study are listed in Supplementary Table
1. Yeast cells were grown and transformed using standard method *'. In the indicated strains,
DNM1, MMM1, OM45, TOM70 and other genes were chromosomally deleted or C-terminally
tagged using conventional homologous recombination approaches **°. Where indicated, strains
were transformed with plasmids listed in Supplementary Table 2 under selection of interest.
Precultures were launched overnight at 30°C in Y P complete or Synthetic minimal media
completed with 2% Dextrose. According to the experimental conditions, growth mediawas
switched with distinct carbon sources at 2% Dextrose, Glycerol, Ethanol, Galactose or Raffinose.
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Cedlls were diluted to achieve at least 3 cell divisions and reach the OD600 = 0.6 to 0.8 per mL of
culture at the time of image acquisition.

For culture media switch experiments from Extended Data Fig. 2c-d, cells pre-cultured in
Y PD/Y PG media were diluted into Y P media containing distinct dextrose concentrations (0.2%,
0.5%, and 2%) at OD600 = 0.6 per mL of culture. Cells were then allowed to grow before image
acquisition at various time points.

For respiration inhibition experiments from Extended Data Fig. 8a, cells were cultured in
Y PD/Y PG media at 30°C to mid-log phase (OD600 = 0.6-0.7 per mL of culture). AntimycinA
(Sigma, A8674) reconstituted in ethanol was then added to the culture at 1 UM concentration.
For control samples, equal volumes of ethanol were added to cultures.

Western blot preparation and guantification

Cells were collected during the exponential growth phase and total protein extracts were
prepared by the NaOH and trichloroacetic acid (TCA) lysis method “°. Proteins were separated
by SDS-PAGE and transferred onto Membrane Amersham protran 0,45 um (Amersham,
10600002). The primary antibodies used for immunaoblotting were monoclonal anti-Pgkl
(2/20,000, AbCam, ab113687), monoclonal anti-GFP (1/1,000, Roche, 11814460001),
polyclonal anti-Dnm1 (1/1,000, generated by Covalab), monoclonal anti-Por1 (1/10,000,
Invitrogen, 459500), anti-Cox1 (1/1,000, AbCam, ab110270), anti-Cox2 (1/1,000, AbCam,
ab110271) and anti-Cox4 (1/1,000, AbCam, ab110272). The primary antibodies were detected
by incubation with horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit
secondary antibodies (Sigma-Aldrich, A9044 and A5278), followed by incubation with the
Clarity Western ECL Substrate (Bio-Rad, 1705060). Immunablotting images were acquired with
aGel Doc XR+ (Bio-Rad) and quantified with the Image Lab 6.0 software (Bio-Rad). The
cytosolic protein Pgk1 was used as aloading control to normalize loading of other proteins
relative to the WT conditions.

Image and statistical analysis.

For image analysis, we used ImageJ ** and wrote dedicated macro to do the analysis. This
Macro was used for all the sample in the same experiment. Results are shown as mean * standard
error of the mean (SEM). Graphs were created and statistical analysis was performed using
Graphpad Prism (v8.0). The specific statistical tests are indicated in the figure legends. P value
corresponds to * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, not significant.

Sample preparation for live cell imaging.

Y east cells were harvested upon reaching the exponential phase (OD600 = 0.6-0.8 per mL
of culture). 1 mL of cell culture was centrifuged and resuspended in 30 pL of fresh media. 8 UL
of cell suspension was gently placed on 25 mm glass coverdip (#CG15XH, Thorlabs, Germany).
Cdlls were immobilized using a small agar pad containing culture media (e.g., YPD, YPG, SD,
SG etc. depending on the experimental condition) which was placed gently on the cell
suspension. This resulted in amonolayer of immobilized yeast cells optimal for live cell
imaging. The coverslip was ultimately placed in the 25 mm magnetic chamber (#CM-B25-1,

Chamlide magnetic chambers) for imaging.

Spinning disc confocal.

Confocal cross-sectional images (Fig. 1a) were acquired using Spinning-disk UltraView
VOX (Perkin Elmer) system equipped with a confocal scanning head (CSU X1; Yokogawa), a
100x 1.4 NA oil immersion objective, and EMCCD cameras (ImageEM C9100; Hamamatsu
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Photonics) controlled by Volocity software. The GFP and mcherry channel images were
acquired using 488 and 561 lasers with 10% and 25% of laser power, respectively, and a
maximum of 300 ms of exposure time. The time-lapse movies were recorded for 3 minutes at 10-
second intervals. Post-processing of images was performed using ImageJ (National Institute of
Health) open-source software.

Structured illumination microscopy.

Cells were imaged using commercial Zeiss LSM 780 Elyra microscope (Carl Zeiss,
Germany) controlled by the Zen software. The microscope was equipped with an oil immersion
100x Plan-Apochromat objective with a 1.46 numerical aperture and an additional 1.6x lens. For
detection, an EMCCD Andor Ixon 887 1K camera was used. One SIM image was reconstructed
from nine images acquired from three different phases and three different angles. Acquisition
parameters were adapted to optimize the signal to noise ratio according to yeast strains and
protein under investigation. For z-stack acquisition, we kept the z-interval between 80-150 nm
depending on the strain and experimental requirement. SIM images were reconstructed with
ZEN software and then channel alignment was performed using 100 nm TetraSpeck fluorescent
beads (Cat#T7279, Invitrogen) embedded in the same conditions as the sample.

Mitochondrial morphology quantification.

In Figures 1la-b, 2a-c, 4b, 4d-e, Slc, S2b-e, S8a and S8d-e, we quantified the morphology
visually and considered only those cells in which more than 70% of mitochondrial network was
visible. A z-stack of images was converted into z-projection image usng Maximum intensity
projection. Each field contained two channels, one for OM (Tom70-GFP) and one for matrix
(mt-mcherry). We mostly focused on GFP labelling of OM. Tubular morphology was identified
by two parallel threads forming oval shaped close to cortex of cell. Ringo morphology was
identified by series of rings connected throughout the cortex of cells, which appear like Tom70
localized in spiral fashion around the matrix. Ringo morphology was far denser and had
branched networks. Fragmented mitochondria were easily identified by separated rings, localized
mostly at the center of a yeast cell. Hyperfused mitochondria appeared much thicker than
tubular, and partially covered the cells unlike tubular or Ringo mitochondria. It appeared
significantly straight structure and localized at the edges of cell. Finally, Muskaan morphology
was easily identified by few uneven size rings, much thicker than Ringo mitochondria. Muskaan
morphology partially covered the cells like Hyperfused mitochondria. From each field we
calculated cells with different morphology and compared as percentage of total in a population of
cells.

Photo Activated Localization Microscopy (PALM).

For PALM imaging, (Fig. 1c and Sl1b), we used an inverted Nikon Ti-E Eclipse microscope
equipped with a 100x 1.49 NA objective (Nikon) with the Perfect Focus System active. A 488-
nm wavel ength laser with 200 mW power (at 1%) was used to acquire low resolution images
before activation using blue light source. Blue LED light source emitting at 405 nm wavelength
was used to the photo activation of mMEOS. A 561-nm wavelength laser with 500 mW (at 75%)
was used to acquire 50,000 images without interval with an exposure time of 50 ms. Images were
acquired on an EMCCD camera with 1.5x additional magnification, resulting in pixel size of 106
nm and afield of view (FoV) of 54 um x 54 um. EM gain of the EMCCD was set to 300. A
3.7% formaldehyde (#8.18708, Sigma-Aldrich) fixed yeast cellsin which Tom70, an outer
mitochondrial membrane protein tagged with mEOS2 was mounted on the coverdlip using
collagen gel. Briefly, 3.6/ 'mg/ml collagen stock (#354236, Corning) was diluted to final matrix
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concentrations of 2.200mg/ml and neutralized with 100M sodium hydroxide (#28-3010, Sigma-
Aldrich). Cells were mixed into this collagen solution and a drop was mounted on the top of the
coverslips and allowed to polymerize at RT for 30 minutes. Collagen gel was used to immobilize
yeast cells because agar pad introduced significant background and non-specific blinking events.

Single Molecule Localization microscopy (SMLM) image reconstruction.

For SMLM data reconstruction (PALM and Hoechst PAINT), the ThunderSTORM #
plugin available in Imagel ** was used. We chose Wavelet filter (B-Spline) for image filtering,
local maximum method for approximate localization of molecule. PSF. Gaussian method was
used for sub-pixel localization of molecules with weighted least squares fitting method. We
either used fluorescent beads or cross-correlation to perform the drift correction. We filtered out
localization that have sigma values below 100 or above 200, or localization that have uncertainty
above 50 nm. Localization appearing in consecutive frames separated by |ess than 60 nm was
merged, with the assumption that they are originating from the same molecule. Finally,
localization table was saved into “.CSV” format and Normalized Gaussian method was used for
image visualization. Final image resolution was in the range of 40-50 nm.

Transmission Electron microscopy

Y east cells were processed from adapted OTO protocol . Briefly, cells were grown in
Y PD/Y PG medium and were fixed by immersion in 2.5% glutaraldehyde, and post-fixed. First in
amix of 1% OsO4 with 1.5% K4Fe(CN)6 (potassium ferrocyanide — reduced osmium) to
increase the membranes contrast, then contrast was enhanced by tannic acid 1%. A second post-
fixation was performed in 1% OsO4. Subsequently, the samples were dehydrated through
increasing graded ethanol series and embedded in epoxy resin (Electron Microscopy Sciences) at
60°C for 48 hrs. The embedded resin block was mounted on a specimen stub using colloidal
silver paint (Electron Microscopy Sciences) and sputter coated with 200nm of gold/palladium.
Embedding samples were cut with an ultramicrotome. Ultrathin sections (70 nm) were cut with a
Leica Ultracut S microtome and stained with uranyl acetate followed by lead citrate. Contrasted
sections were observed using a TEM FEI Tecnai T12 at 120kV.

TEM images quantification.

To generate the graphsin Fig. 1f and 1g from TEM images, we quantified mitochondrial
diameter by drawing a line randomly from one end to the other end of mitochondria. The length
of the line was then measured. For final plotting, an average of 3 random lines per cell was
considered. To count the number of rings and constriction, we visually counted the
structure/sites on mitochondria such as those denoted by green and yellow arrows in Fig. 1d and
HA. Circularity of mitochondriawas set as an important factor for ring characterization. We thus
considered not counting oval shaped mitochondria as rings. For constrictions, continuity in the
mitochondrial network was the main factor along with the small diameter of mitochondrial
tubules.

Cryo-Electron Tomography.

For grids preparation, S. cerevisiae cells (WT or dnml1A) were grown in either YPD or Y PG
mediato an OD600 = 0.9-1. 3 ul of cell suspension was applied to a freshly grown discharged
holey carbon grid (Quantifoil® #200, R2/2). Grids were immediately blotted from the back side
using Whatman filter paper #1 (GE Healthcare) within the automatic plunge freezer EM GP
(LeicaMicrosystems). Grids were stored at liquid nitrogen temperature until further use.
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Lamellae were prepared using an Aquilos FIB-SEM system (Thermo Fisher Scientific).
Grids were coated with an initial organometallic platinum layer using a gasinjection system
(GIS) for 10 seconds followed by 20 seconds sputtering coating to add an additional inorganic
platinum layer. Samples were tilted to a milling angle of 8o. Milling was done iteratively in 3
steps (1: 1 nA =5 pum, 2: 0.5 nA - 3um, 3: 0.3 nA — 1.3 um) before polishing at 30-50 pA to
achieve afinal lamella thickness of 100-200 nm. After polishing the EM grids were sputtered
again for 2-3 seconds.

For data acquisition, 12 (Y PD conditions) and 14 (Y PG conditions) tilt series were acquired
for the wild type experiments and 12 (Y PD conditions) and 16 (Y PG conditions) tilt series of the
dnml1A sample. Tilt series were collected either on a Titan Krios e ectron microscope (Thermo
Fisher Scientific) equipped with a K2 summit electron detector (Gatan) and a Quantum energy
filter using apixel size of 2.682 A/pixel or, on a Titan Krios G4 electron microscope (Thermo
Fisher Scientific) equipped with Selectris X imaging filter and Falcon 4 direct el ectron detector
using apixel size of 3.037 A/pixel. Movies were collected in atilt range of +68 0/ -52 o starting
at +8 o pretilt with a2 o tilt increment. Target defocus was set to -2.5 to -4.5 um. A total eectron
dose of approximately 120 e/A2 per tilt series was used following a dose-symmetric tilt scheme
in Seria EM **,

For tomogram reconstruction and volume segmentation, movies of individual projections
were motion-corrected and aligned within Serial EM **. Combined and dose-filtered stacks were
aligned and reconstructed using AreTomo “. To improve visualization reconstructed tomograms
were binned by 4 and deconvoluted using tom_deconv *’. \Volume segmentation was done
manually within the Amira software package (Thermo Fisher Scientific). Final images were
prepared using ChimeraX .

Cryo-ET image quantification.

Generating the graphsin Fig. 1g and 2e-h from Cryo-ET images was done as follows. To
measure the diameter of mitochondria, an average of 3 random lines drawn between both ends of
OM was considered for the final value. To quantify the ring and constriction of mitochondria, we
drew aline along the OM through all sections of atomogram. This allowed obtaining 2-
dimention projections of tomograms which were used to perform the quantification of rings and
constriction as described in the TEM image quantification section above. Tomograms also
allowed counting the number of cristae. Asafirst step, a given tomogram was scanned from
bottom to top to appreciate the appearing cristae visually. To measure the length of the cristae,
we drew aline through the cristae along the tomogram and took the average to 3 longest cristae
for the final value. To quantify the cristae crossing the mitochondria, we scanned the tomogram
and counted the cristae which intersect the entire mitochondrial tubule. To quantify the presence
of ER at constriction site, we counted those congtriction sitein which ER was present in close
proximity (<75 nm) per tomogram. To perform comparison with SIM images, we took the
projection of four SIM images plane (=300 nm, equivalent to Cryo-ET images) and cropped the
same dimension for field of view. To measure the diameter of mitochondria, we drew 3 lines
across mitochondria tubules, plotted the line profile and measured the distance between the two
peaks. Counting of rings and constriction were done as described in the TEM image
guantification section above.

Fluorescent puncta quantification.

GFP puncta quantification of Dnm1 and Mmm1 used in Figures 3a and 3d were achieved
on asingle plane of SIM images using ImageJ Macro. Initially, a plane from the stack where
major portions of mitochondrial networks were detected was selected. The background in both
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channels was then subtracted. This was done by delimiting a region of empty space in the Field
of View (FoV) to measure the mean intensity from both channels in this region and subtract it
from respective channels. To quantify the puncta, two duplicate images were created and a
Gaussian blur of 5 and 7 pixels (the size of the blur depends on the size of the puncta) was
introduced. After subtracting the two images, a threshold was applied manually to generate a
binary image. Mitochondria were subsequently quantified by using Gaussian blur followed by
manual thresholding. We selected theindividual yeast cellsin the FoV and created a Region of
interest (ROI) around each cell, making sure that each ROI contained a single cell and avoiding
overlap between two ROIs. The number of punctain each ROI was counted to finally represent
the number of punctaper cell. In paralel, the puncta density on mitochondria was measured. For
this purpose, the area of mitochondriain each ROI was evaluated to obtain the ratio of puncta
count relative to the area of mitochondria. All the parameters were kept constant for each
condition while analyzing the images. This pipeline allowed performing a semi-automated
guantification.

Mitochondrial fission quantification.

Mitochondrial fission events quantification in Fig. 3e, 3f and S7a was performed as follows.
We generated a strain in which Dnm1 is tagged with mcherry and Mmm1 with GFP (MCY 2199)
in which mitochondria were labelled with Mitotracker (#M 22426, Invitrogen). This setup
allowed following and quantifying the presence of Dnm1-mCherry and Mmm21-GFP at sites of
mitochondrial fission. This quantification was performed on raw time-lapse images that were
acquired for 3-minute duration at every 10 second time interval. Before analysis, the image
contrast was adjusted in all three channels but in settings where the mitochondria channel was
the only one visible. After identifying afission event, Dnm1 and Mmm1 were checked for their
presence in the proximity at the fission site. The fisson events were classified into 4 categories
including fission event where (1) both Dnm1 and Mmm1 (2) only DnmL1, (3) only Mmm1, and
(4) none are present. The results were plotted as the percentage of total for each category.
To generate graphs from Fig. 3g, the localization of Dnm1-GFP puncta on the mitochondrial
tubules was visually quantified using single planes from z-stacks. After adjusting the image
contrast, puncta were categorized into two groups, one localized randomly on mitochondrial
tubule (similar to Fig. 3g top image) and another one where puncta specifically localized on
mitochondrial constrictions (similar to Fig. 3h bottom image). We plotted the graph as
percentage of total of punctalocalized in each group.

PreCOX4 intensity measurement.

The analysis from Extended Data Fig. 7b and 8b was performed using an ImageJ Macro on
single planes from SIM images with the MCY 1607 and MCY 2161 strainswhere Tom70is
tagged with GFP and Precox4 with mcherry. Planes from z-stacks where major portions of
mitochondrial networks was detected were selected. The background was subtracted as described
in the puncta quantification section above. The Tom70-GFP channel was employed to segment
mitochondrial networks because of the strong GFP signal. Gaussian blur followed by manual
thresholding was used to create a binary image of mitochondria. ROl was created to segment the
single cell, considering that ROIs were not overlapping each other. Mean intensity of precox4-
mCherry in the mitochondrial ROI was measured. Ultimately, MS Excel and GraphPad prism
were used to assemble the data and generate the plots. Each dot in the plots from Extended Data
Fig. 7b and 8b corresponds to the mean intensity of Precox4-mCherry in one cell. Bars and error
bars represent the mean value and SEM, respectively.
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Spot assay preparation and quantification

Cultures grown overnight in minimal synthetic medium with Dextrose (SD) were pelleted,
resuspended at OD600=1 per mL of culture, and serially diluted (1:10) three timesin water. Five
microliters of the dilutions were spotted on SD or minimal synthetic medium with Glycerol (SG)
plates and grown for 2 to 4 days (Dextrose) or 3 to 6 days (Glycerol) at 23, 30 or 37°C.
“Microarray Profile” plugin for ImageJ was used to quantify each spot in Fig. 4f. Data reported
are the mean and s.d. (error bars) from three independent experiments.

Hoechst PAINT.

Hoechst-PAINT acquisition was performed on yeast spheroplasts. To prepare spheroplasts, cells
were grown at mid log phase (0.6-0.8 OD600). 1 mL of 3.7% formaldehyde was added to the 10
mL of cell culture and incubated for 20 minutes at 300C. Cells were then washed with PBS
twice, then re-suspended into 3 mL of spheroplast buffer containing 50 mM B-mercaptoethanol
(#63689, Sigma-Aldrich) + Zymolyase (#ZE1005, Zymo Research; Orange, CA) at 3 uL/10 OD
of culturein PBS. Re-suspended cells were incubated for 30 minutes at 30°C in a 15 mL tube
placed horizontally in arotating incubator. After two washes with PBS cells were permeabilized
using 0.5% of Triton™ X-100 (#T18787, Sigma-Aldrich) in PBS for 30 minutes on a shaker.
Finally, spheroplasts were washed 3 times with PBS and stored in 300 pl of PBS at 40C.
Spheroplasts were stable for 2 weeks for further processing and imaging. To immobilize
spheroplasts, 25 mm coverdlip was coated with 1 mg/ml Concanavalin (#C5275, Sigma-Aldrich)
in PBS for 2 hours, then washed 3 times with PBS, dried overnight and stored at 4°C in PBS. 30
uL of spheroplasts suspension was mixed with 270 uL of PBS and spread over 25 mm coverdlip
for 1 hour and then washed 3 times with PBS. The coverdip was placed into Chamlide magnetic
chambers and 200 pM of JF646-Hoechst, novel fluorogenic DNA stain (Gift from Janeliafarm)
conjugated with Janelia Fluor® 646 dyein 1 mL of PBS was added to the chamber. Image
acquisition was performed on the same system used for PALM imaging. A 647-nm wavel ength
laser with 500 mW (at 60 %) was used to acquire 100,000 images without interval with an
exposure time of 100 ms. EM gain of the EMCCD was set to 300.

Hoechst-PAINT data guantification.

To quantify information from PAINT datain Fig. 5e-f, the .CSV file generated by
ThunderSTORM was used and displayed as a Histogram. Even though we used a strain in which
Matrix istagged with mCherry (MCY 1949), the mCherry signal was not strong enough to allow
automatic segmentation of mitochondria. Consequently, the ROI corresponding to mitochondria
in each cell was manually drawn, to measure the area and number of localizations from
mitochondrial DNA, which allowed calculating the absolute and density of localizationsin each
cell.

Data availability: All data are available in the main text or the supplementary materials.
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Fig. 1. Identification and characterization of the Ringo mitochondrial mor phology. ()
Spinning-disc confocal acquisitions of cells labeled for mitochondrial matrix (mt-mCherry) and
Outer Membranes (Tom70-GFP) in fermentation (top) or respiration (bottom). Scale bar, 2 um.
Right graphs: percentage of cells with Tubular, Ringo or Fragmented mitochondria. Mean
SEM from >192 cdllsin 3 independent experiments. (b) Sameas (a) but in SIM and
guantifications with >329 cells. (c) Wide-field or PALM images of cells |abeled with TOM70-
MEQOS2 in fermentation or respiration. (d) TEM micrographs of cells in fermentation or
respiration (Scale bar,1 pm). Mitochondria are delimited by red demarcations. Rings and
constrictions are indicated by green or yellow arrowheads, respectively. (e) Slices through
tomographic volumes and 3D renderings of mitochondria (M) during fermentation or respiration.
Vacuoles (V), Lipid Droplets (LD) and mitochondrial sub-compartments are indicated. Scale
bars, 500 nm. (f) Average mitochondrial diameter, (g) constriction counts per cell or per
Tomogram and (h) ring counts per cell or per Tomogram, in YPD or YPG as quantified in SIM,
TEM, or Cryo-ET. Mean + SEM from 50 (SIM), 48 (TEM) and 21 (Cryo-ET) images. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001, ns, not significant (Mann-Whitney t-test).
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Fig. 2. Identification and characterization of the Muskaan mitochondrial mor phology. (a)
SIM acquisitions of WT or dnml4 cells labeled for mitochondrial matrix (mt-mCherry) and
Outer Membranes (Tom70-GFP) in fermentation (top) or respiration (bottom). Scale bar, 2 um.
5 Right graphs. percentage of cells with Tubular, Ringo, Fragmented, Hyperfused or Muskaan
mitochondria during fermentation (Y PD, green) or respiration (Y PG, red). Mean + SEM from
>178 cellsin 3 independent experiments. (b and c¢) Same as graphs from (a) in caf44 (b) and
mdvl4 (c) cells. (d) Slices through tomographic volumes and 3D renderings of Muskaan
mitochondria from dnml cells during fermentation or respiration. Endoplasmic Reticulum
10 (ER), Nucleus (N) and mitochondrial sub-compartments are indicated. Scale bars, 500 nm. (€)
Cristae count per tomogram, (f) Cristae length, (g) Cristae crossing mitochondria count per
mitochondria and (h) ER count at constrictions sites per tomogram in WT or dnm14 during
fermentation (YPD) and respiration (Y PG), as quantified in Cryo-ET. Mean + SEM from 21
(WT) or 11 (dnml14) tomogram. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001, ns, not
15 significant (Mann-Whitney t-test).
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Fig. 3. Constrictionswithin Ringo mitochondria are mediated by Dnm1 but do not require
contactswith the ER. (a) SIM of WT cellslabeled for Tom70-mcherry and Dnm1-GFP (top) or
Mmm1-GFP (bottom) in fermentation (Y PD) or respiration (Y PG). Scale bar, 2 um. Right
graphs. Dnm1 (top) and Mmm1 (bottom) puncta count per cell (>198) in YPD (green) or Y PG
(red). (b) Total protein extracts prepared from WT and dnml4 (Ieft) or MMM1-GFP (right) cells
in YPD or YPG and analyzed by immunablotting asindicated. MW (kDa) indicated on the right.
(c) Sameas (b) with TEF-DNM1 cdlls. (d) Quantification of Dnm1-GFP (left) or Mmm1-GFP
(right) puncta count/area of Tom70 from cells (>196) in (a). (e) SIM Time-lapse from Dnm1-
mcherry, Mmm1-GFP, mitotracker (grey) triple-labeled cells during fermentation and
respiration. Green arrows indicate fission events. (f) Percentage of total fission events positive or
negative for both Dnm1 and/or Mmmd1. (g) Percentage of Dnm1 (left) or MmmL1 (right)
localization at non-congtrictions or constriction sitesin cells from (a). For all graphs, Mean +
SEM and 3 independent experiments. * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, not
significant (Mann-Whitney t-test).
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Fig. 4. The Ringo morphology isrequired for optimal respiration. (a) Dextrose and glycerol
serial dilutions of WT, dnmil4 and dnml4+DNM1 strains at 23, 30 and 37°C. (b) SIM
acquisitions of dnmLl41+DNML1 cells |abeled with mt-mCherry and Tom70-GFP in fermentation
(top) or respiration (bottom). Scale bar, 2 um. Right graph: percentage of cells with Tubular,
Ringo, Fragmented, Aggregated, Hyperfused or Muskaan mitochondria during fermentation (SD,
green) or respiration (SG, red). Mean + SEM from >198 cells in 3 independent experiments. ()
Total protein extracts prepared from dnml4+CYC1-DNM1 or ADH1-DNML1 cellsin dextrose
(SD) or glycerol (SG) media and analyzed by immunoblotting as indicated. MW (kDa) indicated
on theright. (d) Same as (b) with dnml4+CYC1-DNML1 cells (>207 cells). (e) Same as (b) with
dnml4+ADH1-DNML1 cells (264 cells). (f) Same as (a) with indicated strains at 37°C. Right
graph: Quantification of indicated cells growth at 37°C on glycerol media relative to the WT
strain. Mean + SEM from 3 independent experiments. *P<0.05, **P<0.01, *** P<(0.001,
**%*P<(0,0001, ns, not significant (Mann-Whitney t-test).
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Fig. 5. The Ringo mor phology regulates OXPHOS components expression through
maintenance of mMtDNA homeostasis. (a-c) Total protein extracts prepared from WT and
dnml/ cellsin YPD or Y PG analyzed by immunoblotting as indicated. MW (kDa) on the right.
Right graphs. Cox4, Porl, Cox1 and Cox2 levels normalized to Pgkl in dnml4 (red) relative to
the WT strains (green) in YPG. Mean + SEM from 3 independent experiments. * P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001, ns, not significant (Unpaired t-test). (d) Mitochondrial-
DNA staining using Hoechst-PAINT in WT or dnml cells during fermentation and respiration.
Scale bar, 2 um. (e) Absolute count of Hoechst mitochondrial localizationsin WT and dnm14
cdls (>22 cells) during fermentation (Y PD, green) and respiration (Y PG, red). (f) Same as (e)
comparing the amounts of localizationsin Y PG relativeto YPD. In (E) and (F), Mean + SEM
from 3 independent experiments. * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, not
significant (Mann-Whitney t-test).
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Extended Data Fig. 1. SIM and PALM detection of the Ringo mitochondrial mor phology
does not depend on the protein used to label OMs.

(a) Fivedistinct SIM acquisitions of cells labeled for mitochondrial matrix (mt-mCherry) and
Outer Membranes (Tom70-GFP) in fermentation (top) or respiration (bottom). Scale bar, 2 um .
(b) Five distinct PALM images of cellslabeled with TOM70-mEOS2 in fermentation (top) or
respiration (bottom). Scale bar, 2 pm. (c) SIM acquisitions of cells labeled for mitochondrial
matrix (mt-mCherry) and Outer Membranes (OM45-GFP) in fermentation (top) or respiration
(bottom). Scale bar, 2 um. Right graphs. percentage of cells with Tubular, Ringo or Fragmented
mitochondria. Mean £ SEM from >177 cellsin 3 independent experiments. *P<0.05, **P<0.01,
***P<0,001, ****P<0.0001, ns, not significant (Mann-Whitney t-test). Note that the respiratory
Ringo morphology forms independent of the outer membrane protein used to label mitochondrial
outer membranes (i.e. OM45 or Tom70).
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Extended Data Fig. 2: The Ringo mor phology dominatesin all respiratory conditions.

(a) SIM acquisitions of WT cells labeled for mitochondrial matrix (mt-mCherry) and Outer
Membranes (Tom70-GFP) in Ethanol media. Scale bar, 2 um. Right graph: percentage of cells
with Tubular, Ringo or Fragmented mitochondria. Mean + SEM from >703 cellsin 3
independent experiments. ****P<0.0001, (Mann-Whitney t-test). Note that the Ringo
morphology dominates in the Ethanol respiratory media. (b) Percentage of WT cells labeled with
mt-mCherry and Tom70-GFP with Tubular or Ringo mitochondria during 8 hours culture in 2%
YPD. Mean £ SEM from >78 cellsin 1 experiment. Note that mitochondrial morphology
progressively switches from Tubular to Ringo after 4 hours of culture which is presumably
caused by progressive dextrose depletion. (c) Percentage over 4 hours of WT cells (labeled with
mt-mCherry and Tom70-GFP) with Tubular or Ringo mitochondria. Cells were pre-cultured in
2% Y PD (fermentative) and switched to Y P media with various dextrose concentration (2%,
0.5%, and 0.2%). Mean £ SEM from >221 cdllsin 3 independent experiments. Note that the
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lower the glucose concentration, the faster the switch from Tubular to Ringo morphology occurs.
(d) Same as (c) but cells were pre-cultured in 2% Y PG (respiration) and switched to YP media
containing various concentration glucose such as, 0.2%, 0.5%, and 2%. Mean + SEM from >145
cellsin 3 independent experiments. Note that the higher the glucose concentration, the faster the
switch from Ringo to Tubular morphology takes place. (e) Percentage of WT cells (labeled with
mt-mCherry and Tom70-GFP) with Tubular, Ringo or Fragmented mitochondriain Galactose
(left) and Raffinose (right) media. Mean + SEM from >374 cellsin 3 independent experiments.
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Extended Data Fig. 3: Matrix within Ringo mitochondria is continuous.

Maximum intensity projection (MIP) of z-stack SIM acquisitions from cells |abeled for
mitochondrial matrix (mt-mCherry) and Outer Membranes (Tom70-GFP) with distinct
mitochondrial morphologies. Series represents top-to-bottom individual slices of the stack along
Z-axis. MIP of inset is shown at the end of each row. Scale bar, 2 um and for inset, 1 um. (a)
Tubular morphology during fermentation. The matrix in red in continuous. (b) Fragmented
morphology during respiration. The matrix in red is not continuous. (c) Ringo morphology
during respiration. The matrix in red seems continuous.
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Extended Data Fig. 4: Transmission Electron Microscopy (TEM) reveals ultrastructural
differ ences between Tubular and Ringo mitochondrial networks.

Various examples of TEM micrographs of cellsin fermentation (Scale bar, 1 um) or respiration
(Scale bar, 1 um or 500 nm). Mitochondria are delimited by red demarcations. Rings and
constrictions are indicated by green or yellow arrowheads, respectively. Note the strong increase
of mitochondrial constrictions within Ringo mitochondrial networks.
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Fermentation

Extended Data Fig. 5: Cryo-Electron Tomography (Cryo-ET) confirms ultrastructural
differences between Tubular and Ringo mitochondrial networks.
Top to bottom slices through tomographic volumes of cell in fermentation (left) and respiration

(right). Scale bars, 500 nm.

30


https://doi.org/10.1101/2024.03.21.582105

10

15

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.21.582105; this version posted March 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Singh et al.

Singh M. K, et al. Supplement Figure6

(A)E (B) _ SIM data SIM data
=~ QL -
g0 |5 =
5 o ! 2000 T § 5 -
£ 2', = ~1600 koo, a4 ok
E T E1200] ks g 3 ok
=} 9 5 _E, ek ‘g‘ il
25 < 27 o |*| £l ﬁ
~ G
g a = é U :\ 556 1u4: j (} 02
Z z 3 b YPD YPG YPD YPG YPD YPG  YPD YPG
e~ 3 wT dnmliA wT dnmiA

TOM70-GFP/mit- MCHERRY
(C) mt-mcherry (matrix) Tom70-GFP (OM) Overlay (D) mt-mcherry (matrix) Tom70-GFP (OM) Overlay

Extended Data Fig. 6: The M uskaan mitochondrial morphology is generated in the absence
of either Dnm1 or Mdvl.

(a) Fivedistinct SIM acquisitions of WT or dnm1 cells labeled for mitochondrial matrix (mt-
mCherry) and Outer Membranes (Tom70-GFP) in fermentation (top) or respiration (bottom).
Scale bar, 2 um. (b) Average mitochondrial diameter (left), and constriction counts per cell
(right) as quantified in SIM acquisitions from WT or dnml14 cellsin YPD or YPG. Mean + SEM
from >25 cellsin 3 independent experiments. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001,
(Mann-Whitney t-test). Note that mitochondria with the Muskaan morphology are distinct from
mitochondria with Ringo morphology in terms and diameter and amount of apparent
constrictions. (c and d) SIM acquisitions of caf44 (b) or mdvl4 (c) cellslabeled for
mitochondrial matrix (mt-mCherry) and Outer Membranes (Tom70-GFP) in fermentation (top)
or respiration (bottom). Scale bar, 2 um. Note that the Muskaan morphology is seen in the
absence of Mdv1 but not in the absence of Caf4 where Ringo networks dominate.

caf4A
Respiration (YPG) Fermentation (YPD)
TOM70-GFP/mt- MCHERRY caf4A
mdviA
Respiration (YPG) Fermentation (YPD)
TOM70-GFP/mi- MCHERRY mdvIA
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Extended Data Fig. 7: Mitochondrial fission efficiency in dextrose or glycerol media and
mitochondrial import in galactose or raffinose media.

(a) Screenshot of SIM Time-lapse from Dnm1-mcherry, Mmm1-GFP, mitotracker (grey) triple-
labeled cells during fermentation and respiration. Green arrows indicate fission events.
Quantitation of fission events per cell as mean £ SEM from >175 cells and 3 independent
experiments. ns, not significant (Mann-Whitney t-test). Note that Fission efficiency is equivalent
in fermentation and respiration. (b) SIM acquisitions of cells labeled for the mitochondrial
import marker precox4-mcherry and Outer Membranes (Tom70-GFP) in Galactose and
Raffinose media. Scale bar, 3 um. Right graph: Mitochondrial precox-4 mcherry intensity (in
Absolute Units) within Tubular and Ringo mitochondriain galactose and raffinose media. Mean
+ SEM from >227 cellsin 3 independent experiments. ***P<0.001, ****P<0.0001, (Mann-
Whitney t-test). Note that Ringo mitochondriathat respire show increased transport of precox-4
mcherry as compared to tubular mitochondriathat do not respire.
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Extended Data Fig. 8: Related to Figure 4.

(a) Percentage of cells with Tubular, Ringo or Fragmented mitochondriain control or
AntimycinA (1uM) treated cells during fermentation and respiration. Mean £ SEM from >156
cellsin 3 independent experiments. Note that AntimycinA treatment induces fragmentation of
Ringo networks. (b) Mitochondrial precox-4 mcherry intensity (in Absolute Units) within WT
and dnm1A cdlls labelled with Tom70-GFP in fermentation and respiration. Mean £ SEM from
>156 cellsin 3 independent experiments. *P<0.05, **P<0.01, ****P<0.0001, (Mann-Whitney t-
test). Note that Ringo mitochondria show increased transport of precox-4 mcherry as compared
to Muskaan mitochondria. (c) Total protein extracts prepared from in WT, dnml1A or
dnm1A+DNM1 cellsin Dextrose (SD) or Glycerol (SG) media and analyzed by immunoblotting
asindicated with anti-Dnm1 and anti-Pgk1. MW (kDa) indicated on the right. (d) SIM
acquisitions of WT cellslabeled for mitochondrial matrix (mt-mCherry) and Outer Membranes
(Tom70-GFP) in fermentation or respiration. Scale bar, 2 um. Right: Percentage of cells with
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Tubular, Ringo, Fragmented, Aggregated, Hyperfused or Muskaan mitochondria. Mean £ SEM
from >180 cells in 3 independent experiments. (€) Same as (d) with dnm1A célls. (f) Dextrose
and Glycerol serial dilutions of WT, dnm1A+ADH1-DNM1, dnm1A+CY C1-DNM1, and dnm1A
strains at 23, and 30°C.
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Supplementary Table 1.
Strains Used in the Study
Background Y east Name Genotype Occurrencein Reference
and number the study
W303 Mat a ura3-1 trpl-1 leu2-3,112 his3-11,15 canl1-100 ’
(MCY553) wT RADS5 ADE2 1d-h, ED4, EDS
1a, 1b, 24, 44,
W303 g ) Mat a, TOM70-GFP::CaURA3 ura3-1 trpl-1, mt- 5a-f, Sla, S2, .
(MCY1949) | TOM70-GFP/mt- MCHERRY | - EU2,112 his3-11,15 can1-100 RAD5 ADE2 |  ED3, EDB, | 1o study
ED7b, ED8a-f
W303 g Mat a, ura3-1 trpl-1 leu2-3,112 his3-11,15 can1-100 )
(MCY 1497) TOM70-mEos2 RADS5 ADE2 TOM70:: mEos2-KanMX6 lc ED1b This study
Wa03 Mat a, OM45-GFP::KanMX6 ura3-1 trpl-1 m- EDlc
OM45-GFP/mt- MCHERRY MCHERRY ::LEU2,112 his3-11,15 can1-100 RAD5 This study
(MCY 1940)
ADE2
W303 TOM70-GFP /mt- MCHERRY/ | Mat a, TOM70-GFP::CaURA3 ura3-1 DNM1::TRP1, | 2a, 2d-h, 3b, 5a-
dnmlA mt- MCHERRY :: LEU2,112 his3-11,15 can1-100 RAD5 f, ED6a-b This study
(MCY 1940)
ADE2
Mat a, CAF4::NatMX4 TOM70-GFP;: CaURA3 ura3-1
(Mgfgggg) TOM70 GFZ ?IA MCHERRY trp1-1, mt- MCHERRY ::LEU2,112 his3-11,15 can1- 2c, ED6C This study
100 RAD5 ADE2
— Mat a, MDV1::NatMX4 TOM70-GFP::CaURA3 ura3-
(Mg\fggw) TOWO'GFEH\'/TA MCHERRY | 4 trp1-1, mt- MCHERRY ::LEU2,112 his3-11,15 canl- 2d, ED6d This study
100 RAD5 ADE2
W303 TOM70- MCgFE,?RY/ DNM1- TOM70:: MCHERRY -Nat DNM1:: GFP-TRP ura3-1 3a 30,3 This study
(NBT1343) trpl-1 leu2-3,112 his3-11,15 can1-100 RAD5 ADE2 29
W303 TOM70- MCgFEERY/ MMM1- TOM70:: MCHERRY -Nat MMM1::GFP-TRP ura3-1 33 3b,3d, 3 This study
(NBT344) trpl-1 leu2-3,112 his3-11,15 can1-100 RAD5 ADE2 30,59
W303 Dnml- MCHERRY/MMM1- Mat a, ura3-1 trpl-1 leu2-3,112 his3-11,15 canl1-100
(MCY2199) GFP RAD5 ADE2; MMM1-GFP:: TRP1 DNM1-MCHERRY: : 3ef,ED7a This study
NATNT2
W303 Mat a, TOM70-GFP::CaURA3 PreCox4- MCHERRY .
(MCY 1607) TOW?\;I%FHFI;/RF;\‘?COX“’ ::HphMX ura3-1 trpl-1 leu2-3,112 his3-11,15 canl- ED7b, ED8b SAEJSE”S
100 RAD5 ADE2
W303 Mat a, TOM70-GFP::CaURA3 PreCox4- MCHERRY ED8b
(MCY2161) TOM70-GFP/PreCOX4- ::HphMX ura3-1 DNM1:: TRP1 leu2-3,112 his3-11,15 This study
MCHERRY/dnm1A can1-100 RAD5 ADE2
Mat a, ura3-1 trpl-1 leu2-3,112 his3-11,15 canl-100
(Mg(331366) RADS5 ADE2; mi-MCHERRY:: LEU2; TOM70- ‘I‘E%gg IIEEDD%Cf’
TOM70-GFP/mt- MCHERRY GFP::CaURA3; pR¥A13 ' This study
W303 TOM70-GEP/mit- MCHERRY/ Mat a, ura3-1 trpl—l Ieu2-3,112. .h|53-11.,15 canl-100
(MCY2167) drmiA + CYCL-DNML RAD5 ADE2; mt-MCHERRY:: LEU2; TOM70- 4c 4d, 4f EDSF | L. dy
GFP::CaURA3; dnml:: TRP1; p413CYC1-DNM1
W303 TOM70-GFP/mt- Mat a, ura3-1 trpl-1 leu2-3,112 his3-11,15 can1-100
(MCY2168) MCHERRY/dnmlA + ADH- RAD5 ADE2; MITO-MCHERRY::LEU2; TOM70- 4c, e, 4f EDSF | L. dy
DNM1 GFP::CaURA3; dnmil:: TRP1; p413ADH-DNM1
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W303 TOM70-GEP/mi- MCHERRY/ Mat a, ura3-1 .trpl-l leu2-3,112 h.|.s3-11,}5 canl-100
(MCY2169) T T o RADS5 ADE2; MITO-MCHERRY:: LEU2; TOM70- 3c This siudy
GFP::CaURA3; dnml::TRP1; p413TEF-DNM1
g ; Mat a, ura3-1 trpl-1 leu2-3,112 his3-11,15 canl1-100
(Mé\?gfm) TOM?%S;KTD“,\G'&TERRY’ RADS5 ADE2; MITO-MCHERRY:: LEU2: TOM70- R
GFP::CaURA3; dnml:: TRPL; pRS413-DNM1-DNM1
Mat a, ura3-1 trpl-1 leu2-3,112 his3-11,15 can1-100
(ngfn) TOM70-GFP/mt- MCHERRY/ RADS5 ADE2; MITO-MCHERRY:: LEU2; TOM70- ?Dg‘; EEDDSS‘;' This
dnm1a GFP::CaURA3; dnml::TRPL; pRA13 ’ is study
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Supplementary Table 2.
Plasmids Used in the Study
Name (Collection Description Refer ence
number)
pR3A13 CEN, HIS3, Amp 49
CEN, CYC1 promoter-DNM1, HIS3,
p413CYC1-DNM1 This study
Amp
p413ADH-DNM1 CEN, ADH promoter-DNM1, HIS3, Amp This study
p413TEF-DNM1 CEN, TEF promoter-DNM1, HIS3, Amp This study
CEN, DNM1 promoter-DNM1, HIS3,
pRS413-DNM1-DNM1 Amp This study
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