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Gene
ARP2
ARP3

ATP20
ATP23
CAF4

CAN1

CDsSs1

CHO1

CHPPR

CLD1
CRD1
DNM1

DRP1

DRP-1
FIS1

FMP30

Ftsz

FZO1

GEM1

GEP4

MCP1
MCP2

MDM10
MDM12
MDM34

MDM30

MDM31

Name

Actin related protein

ATP synthase

ATPase
CCRA4 associated
factor
canavanine
resistance
CDP-diacylglycerol
synthase

Choline requiring

Chondrocyte protein
with a poly-proline
region
Cardiolipin-specific
deacylase
Cardiolipin synthase

Dynamin-related

Dynamin-related
protein
Dynamin-related
protein
Mitochondrial fis sion
Found in
mitochondrial
proteome
Filamenting
temperature-sensitive
mutant Z
Fuzzy onions
homolog

GTPase EF-hand
protein of
mitochondria

Genetic interactors of
prohibitins
Mdm10
complementing
protein
Mitochondrial
distribution and
morphology
Mitochondrial
distribution and
morphology

Mitochondrial
distribution and
morphology

%

Encoded protein: short description
Highly conserved actin nucleation mediator. Required for the
motility and integrity of actin patches.

Subunit g of the mitochondrial F{Fo ATP synthase. Required
for dimerization of the ATP synthase complex.
Metalloprotease of the mitochondrial inner membrane.
Molecular adaptor that connects Fisl and Dnm1. High
structural similarity to Mdv1.

Plasma membrane arginine permease.

CDP-Diacylglycerol synthase of the ER.

Phosphatidylserine synthase of the ER. Involved in the
biosynthesis of phosphatidylethanolamine.

Mitochondrial inner membrane protein that likely plays a role in
mitochondrial division. Not present in yeast.

Mitochondrial cardiolipin-specific phospholipase; generates
monolysocardiolipin. Involved in the remodeling of cardiolipin.
Cardiolipin synthase. Produces cardiolipin.

GTPase that forms spirals around mitochondrial tubules and
mechanochemically severs them.

Mammalian homolog of Dnm1.

C. elegans homolog of Dnm1.
Mitochondrial receptor for the fission machinery.

Protein required for the biosynthesis of cardiolipin in the
absence of Psdl.

Protein involved in prokaryotic cell division. Assembles as a
ring at the mid-point of the cell, forming a functional analog of
the contractile ring used in cytokinesis of many eukaryotic cells.

GTPase that mediates mitochondrial outer membrane fusion.

Regulatory subunit of the mitochondria-ER encounter structure.
Geml is a cytosolic protein and solves the interaction between
the mitochondria-ER encounter structure and Dnm1 upon
mitochondrial division.

Mitochondrial phosphatidylglycerol-phosphatase. Involved in
the biosynthetic pathway of cardiolipin.

Proteins of unknown function. Overexpression rescues the
phenotype of yeast cells lacking ER-mitochondrial contacts.

Components of the mitochondria-ER encounter structure that
tethers the mitochondria to the ER. 10 and 34 are mitochondrial
proteins. 12 is a cytosolic protein.

F-box component of an SCF complex; required for Fzol
ubiquitination and for mitochondrial fusion.

Mitochondrial inner membrane protein with similarity to Mdm32;

required for normal mitochondrial morphology, distribution, and

nucleoid organization. Overexpression rescues the phenotype
of yeast cells lacking ER-mitochondrial contacts.
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Gene

MDM32

MDM33

MDM35

MDM36
MDV1

Mfnl
Mfn2

MGM1

MGM101

MIP1

MMM1

MMR1

MTGM

MTP18

MYO2

NUM1

OPAl

OPY1

PAM17

PCP1

PGS1
PHB1
PHB2

PMA1

PMI

PSD1

PSD2

RTN1
RTN2

Name
Mitochondrial
distribution and
morphology
Mitochondrial
distribution and
morphology
Mitochondrial
distribution and
morphology
Mitochondrial
distribution and
morphology
Mitochondrial division

Mitofusin

Mitochondrial
genome maintenance
Mitochondrial
genome maintenance
Mitochondrial DNA
polymerase
Maintenance of
mitochondrial
morphology
Mitochondrial Myo2
receptor-related
Mitochondrial
targeting GxxxG motif

Mitochondrial protein

Myosin

Nuclear migration

Optic atrophy
Overproduction-
induced pheromone-
resistant yeast
Presequence
translocase-
associated motor
Processing of
cytochrome ¢
peroxidase
PGP synthase

Prohibitin

plasma membrane
ATPase
Pantagruelian
Mitochondrion |

Phosphatidylserine
decarboxylase

Phosphatidylserine
decarboxylase

Reticulon-like

Encoded protein: short description
Mitochondrial inner membrane protein with similarity to Mdm31;
required for normal mitochondrial morphology, distribution, and
nucleoid organization.
Mitochondrial inner membrane protein that possibly plays a role
in mitochondrial division. Overexpression causes a growth
defect and mitochondrial fragmentation.

Required for import of Ups1 and Ups2 in the intermembrane
space. Protects them against proteolytic degradation.

Mitochondrial fission promoting protein. Required for interaction
between Num1 and Dnm1. The deletion mutant mitochondrial
phenotype is indistinguishable from that of Dnum1 stains.
Molecular adaptor that connects Fisl and Dnm1.

Human homologs of Fzol.

GTPase that mediates mitochondrial inner membrane fusion.
Also required for cristae formation.
Mitochondrial nucleoid protein required for mitochondrial DNA
recombination.

DNA polymerase that mediates the replication of the
mitochondrial DNA.

ER component of the mitochondria-ER encounter structure that
tethers mitochondria to the ER.

Anchors mitochondria to the cortical ER in small buds.
Candidate for the mitochondrial Myo2 receptor.
Mitochondrial inner membrane protein that likely plays a role in
mitochondrial division. Not present in yeast.
Mitochondrial inner membrane protein that likely plays a role in
mitochondrial division. Not present in yeast.

Class V myosin that transports mitochondria.

High copy suppressor of a mutant Dnm1 allele. Required for
orientation of the mitotic spindle and for maintenance of
mitochondrial morphology. Likely involved in mitochondrial
fission. Interacts with Dnm1.

Mammalian homolog of Mgm1.

Sensor and modulator of the phosphatidylinositol 4,5-
bisphosphate synthesis.

Component of the mitochondrial protein import motor.

Mitochondrial rhomboid intramembrane peptidase required for
the processing of various mitochondrial proteins.

Protein of the mitochondrial cardiolipin biosynthetic pathway.
Subunits of the ring-shaped inner mitochondrial membrane
prohibitin complex influencing mitochondrial protein stability.
Plasma membrane H*-ATPase that pumps protons out of the
cell.

Mitochondrial inner membrane protein that likely plays a role in
mitochondrial division. Not present in yeast.
Phosphatidylserine decarboxylase of the mitochondrial inner
membrane; converts phosphatidylserine to
phosphatidylethanolamine.
Phosphatidylserine decarboxylase of the golgi/vacuole;
converts phosphatidylserine to phosphatidylethanolamine.
Reticulon proteins; involved in formation of tubular ER by
stabilizing membrane curvature.

6***



Gene

shibire

TAM41

TAZ1

TOM20

UGO1

UPS1

UPS2
VAC17
YME1

YOP1
YTA10
YTA12

Name
Japanese for
paralyzed
Translocator
assembly and
maintenance

Tafazzin

Translocase of the
outer mitochondrial
membrane

Japanese for fusion
Unprocessed

Unprocessed

Vacuole related
Yeast mitochondrial
escape
YIP One Partner
Yeast tat-binding
analog

Encoded protein: short description

Encodes Dynamin. Pinches-off endocytic vesicles.

CDP-Diacylglycerol synthase of the mitochondria. Involved in
the biosynthetic pathway of cardiolipin.

Monolysocardiolipin acyltransferase. Involved in the remodeling

of cardiolipin.

Component of the mitochondrial protein import machinery.
Attached to the outer membrane via its N-terminal
transmembrane domain.

Mitochondrial fusion factor that orchestrates Mgm1 and Fzol
activity. Plays a role in Fzol1 dimer formation.
Involved in cardiolipin biosynthesis and in topogenesis of
Mgm1.

Antagonizes Upsl. Involved in phosphatidylethanolamine
stability and cristae biogenesis.
Vacuole-specific receptor for Myo2.

Catalytic subunit of the mitochondrial inner membrane i-AAA
protease complex.

Membrane protein required to maintain ER morphology.
Components of the mitochondrial inner membrane m-AAA
protease complex.
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textbook model

MOM

N/

MIM cristae

B merge: DIC and mtGFP

A electron micrograph

junction

mitochondrial
fusion

mitochondrial
division

Figure 1 | Mitochondrial ultrastructure and dynamics in S. cerevisiae. A. Electron micrograph and
cartoon depicting mitochondrial ultrastructure. MOM = mitochondrial outer membrane. MIM =
mitochondrial inner membrane. IMS = intermembrane space. B. Mitochondria of exponentially growing
yeast cells visualized with matrix targeted GFP. Shown is a merge of GFP fluorescence and DIC. C.
4d-microscopy of exponentially growing yeast cells. Mitochondria are visualized with matrix targeted
GFP. Images on the left are merges of a 2d-projection of 10 z-stacks of GFP fluorescence and the
corresponding DIC image. On the right, time courses of 2d-projections of 10 z-stacks of GFP
fluorescence are shown. All images are unpublished.
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Figure 2 | Model of mitochondrial division in S. cerevisiae. A. Cartoon depicting the mitochondrial
division machinery. MOM = mitochondrial outer membrane. MIM = mitochondrial inner membrane.
IMS = intermembrane space. B. Model for ER-mediated mitochondrial constriction and Dnml

assembly. C. Dnm1 assembles as a helix and the inner lumen of Dnm1 spirals decreases from ~80
nm to ~25 nm upon addition of GTP. All images are unpublished. See text for detalils.
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Table 1 | Candidate proteins for mitochondrial inner membrane (MIM) division. See text for more
details.

. o . deletion /
Name organism localization ~ overexpression reference
knockdown
chicken, fragmented : -
CHPPR MIM . . not determined  Tonachini et al., 2004
conserved mitochondria
. fragmented mitochondrial Messerschmitt et al.,
Mdms33 yeast L e swelling 2003
MTGM  UMAN M integral radmented - mitochondrial o oo 5009
conserved mitochondria elongation
human, . fragmented mitochondrial ~ Tondera et al., 2004;
MTP18 conserved MIM - integral mitochondria aggregation Tondera et al., 2005
fly, . . mitochondrial Rival et al., 2011,
PMI conserved MIM -integral - not determined swelling Macchi et al., 2013
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Figure 3 | Model of mitochondrial fusion in S. cerevisiae. A. Cartoon depicting the mitochondrial
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mitochondria anchored in mother and bud mitochondria not anchored in the mother cell

wildtype +Myo2-Fis1 mutant +Myo2-Fis1
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mother cortex anchor mitochondria Mmr1

Figure 6 | Model of mitochondrial distribution in mutant strains. Arrows indicate mitochondrial
transport. Unpublished. In wildtype strains mitochondrial movements in anterograde and retrograde
direction are balanced. When the mitochondrial motor, Myo2, is covalently linked to the MOM by
fusion to the transmembrane domain of Fisl (Myo2-Fisl), the movement is heavily shifted to the
anterograde direction (Fortsch et al., 2011). If the mitochondrial cortex anchor in the mother cell is
missing, expression of Myo2-Fis1 results in transport of the whole mitochondrial content into the bud.
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Figure 9 | Role of Mdm33 in mitochondrial division. A. In wildtype strains mitochondrial fusion and
fission are balanced. When the cells are depleted from ATP by addition of azide, the balance is
heavily shifted towards fission. The ring-like mitochondrial structures in Dmdm33 cells are likely too
large to be separated by Dnm1. Thus, cells lacking Mdm33 show less mitochondrial fragmentation
upon addition of azide due to the lack of fission competent mitochondria. B. Model for the function of
Mdm33 in ER assisted mitochondrial division. Local accumulation of Mdm33 adjusts the MIM to the
needs of mitochondrial division. The color of the inner membrane depicts fission competence
according to A. ERMES = ER mitochondria encounter structure. C. Old and new model for the
molecular function of Mdm33. Grey color indicates processes that are not essential for mitochondrial
division. All images are unpublished. See text for more details.
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Figure 10 | Classical epistasis in the CL biosynthesis pathway. MOM = mitochondrial outer
membrane. MIM = mitochondrial inner membrane. CL = cardiolipin. PGP = phosphatidylglycerol
phosphate. CDP-DAG = cytidine diphosphate-diacylglycerol. PA = phosphatidic acid. Grey color
indicates that this part of the pathway is hindered in the respective mutant. Bold font represents
accumulation. Unpublished. See text for details.
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Summary

During the cell cycle each organelle has to be faithfully partitioned to the daughter cells. However, the mechanisms controlling organellar
inheritance remain poorly understood. We studied the contribution of the cell cortex protein, Numl, to mitochondrial partitioning in yeast.
Live-cell microscopy revealed that Numl is required for attachment of mitochondria to the cell cortex and retention in mother cells.
Electron tomography of anchoring sites revealed plasma membrane invaginations directly contacting the mitochondrial outer membrane.
Expression of chimeric plasma membrane tethers rescued mitochondrial fission defects in Amum /! and Amdm36 mutants. These findings
provide new insights into the coupling of mitochondrial dynamics, immobilization, and retention during inheritance.

Key words: Cell architecture, Mitochondrial fission, Organelle partitioning

Introduction

Each eukaryotic cell type has a characteristic architecture which
is reflected by the size, shape, number and position of its
organelles. Cellular architecture is established by the balanced
assembly and disassembly of cellular structures, orchestrated
organelle parlitioning, directed motion of organelles on
cytoskeletal tracks and activities of membrane-shaping proteins
(Rafelski and Marshall, 2008; Shibata et al., 2009). As most
membrane-bound organelles cannot be generated de novo, they
have to be inherited upon cell division, and cellular architecture
has to be re-established in daughter cells. In many cases,
organelle partitioning and inheritance are active and ordered
processes, similar to the partitioning of chromosomes during
mitosis (Warren and Wickner, 1996; Ouellet and Barral, 2012).
On the other hand, some cell organelles — such as mitochondria —
are highly dynamic and constantly move, fuse and divide and
thereby frequently change their size, shape and position in the
cell (Bereiter-Hahn, 1990; Westermann, 2010). Little is known
about the molecular mechanisms that integrate membrane
dynamics into cellular architecture.

Saccharomyces cerevisiae 15 a powerful model organism for
studying the cellular mechanisms of organelle segregation and
inheritance (Catlett and Weisman, 2000; Pruyne et al., 2004;
Fagarasanu and Rachubinski, 2007). Organelle inheritance
depends on directed transport along actin cables towards the
growing bud. At the same time, retention mechanisms must
ensure that at least one copy of each organelle is kept in the
mother cell. The mitochondrial content in buds is tightly
controlled and correlates with the increase of bud size (Rafelski
et al., 2012). Anterograde mitochondrial transport along
actin cables into the growing bud is mediated by a myosin
motor, Mvo2 (Altmann et al., 2008; Fortsch et al., 2011).
The mitochondrial outer membranc protcin Mmrl  anchors
mitochondria to bud-tip-localized ER and thereby impedes their
transport back into the mother cell (Swayne et al., 2011). Mmrl is

localized specifically to mitochondria in the bud (ltoh et al.,
2004) and assembles into punctate structures connecting
mitochondria and cortical ER (Swayne et al, 2011). As
mitochondrial content is decreased in buds of Ammr/ mutant
cells, Mmrl is thought to be critical for faithful inheritance of the
organelle to daughter cells (Swayne et al., 2011). At the same
time, a portion of the mitochondrial network is immobilized and
retained in the mother during cell division (Yang et al., 1999).
However, the molecular components constituting the ‘retention
zone’ in the mother remained unknown.

Numl is a large, cell-cortex-associated protein that interacts
with dynein and microtubules and facilitates migration of the
nucleus from the mother cell to the emerging bud (Farkasovsky
and Kiintzel, 2001). Surprisingly, Numl was found to be
also required for maintenance of mitochondrial distribution
and morphology (Dimmer et al., 2002). It genetically and
physically interacts with the mitochondrial division protein
Dnml, and mitochondria of cells lacking Numl have a severe
defect of mitochondrial division (Cerveny et al., 2007). Here, we
asked how the dynamic behavior of yeast mitochondria is linked
to immobilization at the cell cortex and partitioning. Our results
assign to Numl a key role in the coordination of this process.

Results

Antagonistic roles of Num1 and Mmr1 in mitochondrial
distribution

Adnm ! Anum{ double mutant cells incubated at high temperature
frequently produce mother cells devoid of mitochondria pointing
to a potential role of Numl in retention of mitochondria in
mother cells (Cerveny et al., 2007). However, mitochondrial
partitioning defects in Anum/ single mutants were not reported,
and the exact role of Numl in mitochondrial division and
inheritance remained unclear. To test whether Numl is required
for anchorage of mitochondria in the mother cell we observed
yeast cells expressing mitochondria-targeted fluorescent proteins
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Fig. 1. Opposing effects of Numl and Mmrl in mitochondrial distribution. (A) Cells expressing mitochondria-targeted GFI* (mtGFI") or mitochondria-
targeted veast enhanced RFP (mtERFP) were constantly supplied with fresh YPD medium in a microfluidic chamber and analyzed by time-resolved 3D
fluorescence microscopy. Images are merges of DIC and maximum intensity projections of fluorescence image z stacks. Arrows indicate retention sites in mother
cells. Scale bar: 5 pm. (B) Cells were grown as in A, the fluorescence signals were related to the diameter of buds and mother cells, and the ratio of the
relative mitochondrial content in buds versus mother was determined. Error bars indicate standard deviations of three independent experiments with at least 100
cells per experiment. Asterisks indicate statistically significant differences [P=0.032 for wild type (WT) versus Ammr!, P=0.027 for Ammr! versus

AnumiAmmrl, two-tailed Student’s i-test].

by time-resolved live-cell fluorescence microscopy. We found
that some mitochondria are fixed at the cell pole opposite the bud
in wild-type cells (Fig. 1A). Several of these cell cortex
attachment sites persisted for the entire observation time of
1 hour (supplementary material Movie 1). Similar retention sites
were observed in Ammr] mother cells, but not in Anuml or
AnumIAmmrl strains (Fig. 1A; supplementary material Movies
2-4). These observations suggest that Numl, but not Mmrl, 1s
required to attach mitochondria to the mother cell cortex.

We asked whether deletion of NUM/ results in the loss of
retention sites and in consequence causes an accumulation of
mitochondria in the bud. To analyze this we developed an assay
to quantify mitochondrial abundance in mother cells and buds.
Cells expressing mitochondria-targeted fluorescent proteins were
analyzed by three-dimensional (3D) fluorescence microscopy.

>
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The fluorescence signals in mother cells and buds were
quantified in maximum intensity projections, and the cellular
volumes were calculated from the cellular diameter, assuming
that the cells have a spherical shape. The mitochondrial bud/
mother distribution was calculated from the mitochondria/volume
ratios in the bud and mother cell. We observed that the relative
mitochondrial content was shifted to buds in wild-type cells
(Fig. 1B). Accumulation of mitochondria in buds was slightly
more pronounced in Amuml, consistent with a role of Numl in
retention in the mother cell. In contrast, Ammr! cells showed a
deprivation of mitochondria in the bud, consistent with a role of
Mmrl in retention in the bud. Strikingly, the mitochondrial
distribution defect in Ammpr] was partially relicved by additional
deletion of NUMI (Fig. 1B), suggesting that Numl and Mmrl
control mitochondrial distribution in an antagonistic manner.

Fig. 2. Numl is crucial for mitochondrial retention in the
mother. (A) Cells expressing Myo2-Fisl from the MY(2
promoter and a multicopy plasmid were analyzed as in Fig. 1B.
Asterisks indicate statistical significance (£=0.0026). (B) Cells
were grown and analyzed as in Fig. 1A, Arrows indicate retention
sites in mother cells. Scale bar: 5 pm. (C) Strains were
transformed with a plasmid overexpressing Myo2-Fisl from the
indueible GAL promoter (GAL Myo2-Fisl) or an empty vector.
Tenfold serial dilutions were spotted on synthetic complete
medium containing glucose (repression of the GAL promoter) or
galactose (induction of the (4L promoter) and incubated at 30°C.
(D) Cells expressing Myo2-Fisl from the GAL promoter were
analyzed. The cell wall was stained with calcofuor
(Hammermeister ¢t al., 2010} to visualize bud scars and thercby
identify mother cells. From lefi to right, DIC, miGFP [luorescence,
merged image of mtGFP (green) and calcofluor fluorescence
(magenta). Arrows indicate short mitochondrial tubules in a
mother cell lacking Numl. Budded cells containing partitioned
mitochondria or mothers devoid of mitochondria were quantified.
Values are mean percentages = standard deviations from three
independent experiments with at Ieast 100 cells per experiment.
Scale bar: 5 pm.
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enlarged
A DIC miGFP  Numi1-DsRed merge insat

Myo2-Fis1

Fig. 3. Numl colocalizes with mitochondrial tips in mother cells.

{A) Cells expressing mtGFP and a chromosomal allele encoding Numl
tagged with DsRed were grown to logarithmic growth phase in YD and
analyzed by fluorescence microscopy. Myo2-Fisl (lower three panels) was
expressed from the MY(2 promoter and a multicopy plasmid. Scale bars:

5 um (main images); 1,250 nm (enlarged images of the boxed regions).

(B) For quantitative analysis, magnifications of 46 fluorescence micrographs
showing mitochondrial ends oriented parallel to the cell cortex (row of gray
squares) were aligned to a schematic mitochondrion (red). The center of the
most distal Num] patch in the feld of view was assigned with a black dot (leli
panel; please note that the distance of the dots in the drawing is not meant to
represent the optical resolution of the microscope). To generate a heat map of
MNuml localization the center of each Num!l dot was assigned with a partially
transparent dot. After processing the image with a Gaussian blur, the
grayscale image was converted to false colors (right panel). (C) Fluorescence
micrographs (n=19) showing mitochondrial ends oriented perpendicular to
the cell cortex were analyzed as in B.

These observations suggest that Num1 is critical for retention in
the mother cell and its action is antagonized by Mmrl in the bud.

Retention of mitochondria in mother cells by Num1

Myo2-Fisl is a chimeric mitochondria-specific motor protein
with the Myo2 cargo binding domain replaced by the
transmembrane anchor of the mitochondrial outer membrane
protein Fisl. Overexpression of this mitochondria-specific motor
results in increased anterograde transport (Fortsch et al.,
2011) and an about threefold enrichment of mitochondria in
the bud, compared to wild-type cells (Fig. 2A). Wild-type
cells overexpressing Myo2-Fisl typically contain a massive

accumulation of mitochondria in the bud and one or two long
mitochondrial tubules extending into the mother. When such a
tubule is separated from the rest of the mitochondrial network by
a division event it remains fixed at the cell cortex and its free end
moves randomly in the cytoplasm (Fig. 2B; supplementary
material Movie 5). Apparently, cell cortex attachment sites
retain mitochondria in the mother even when the balance of
bidirectional transport is strongly biased to the anterograde
direction.

It was not possible to overexpress Myo2-Fisl from a
constitutive promoter in Anuml strains, suggesting that this
construct is toxic in the absence of Numl. Consistently, Myo2-
Fisl overexpression from the strong inducible GALI promoter
produced a severe growth defect in Anwm/. This growth defect
was much stronger than in wild type or mitochondrial fission-
defective Adnm1 cells (Fig. 2C). Strikingly, one third of Anwum!
mother cells were completely devoid of mitochondria under these
conditions, and most of the remaining mother cells contained
only very short mitochondrial tubules close to the mother bud
neck (Fig. 2D). These results suggest that retention of
mitochondria by Numl becomes essential for viability of the
mother when the balance of anterograde and retrograde
mitochondrial transport is shifted towards the bud.

Mitochondrial tips colocalize with Num1 in mother cells

We asked whether Numl is attached to the tips of mitochondrial
tubules extending into the mother cell. To test this, we analyzed
wild-type and Myo2-Fisl-expressing cells by fluorescence
microscopy in a genetic background containing a DsRed-tagged
NUMI allele at the chromosomal locus. Numl-DsRed is
functional in these strains as the tagged allele is the sole copy
of this gene and produces wild-type-like mitochondria (Cerveny
et al., 2007). We found that cortical Numl-DsRed punctac
frequently colocalized with the tips of mitochondrial tubules in
mother cells (Fig. 3A). To determine whether the observed
colocalization was statistically significant or simply coincidental,
we quantified Numl punctae in the vicinity of mitochondrial tips
in a total number of 36 Myo2-Fisl-expressing cells. Intriguingly,
most of the Numl patches were found in a region of =325 nm
around the mitochondrial tip; 42 of 46 Num] punctae were found
within this region when the mitochondrion was oriented parallel
to the cortex (Fig. 3B), and 19 of 19 Num! punctae were found
within this region when the mitochondrion was oriented
perpendicular to the cortex (Fig. 3C). We propose that Numl
punctae represent mitochondrial cortex anchors in mother cells.

Mitochondria form direct contacts with the plasma
membrane in the retention zone

The tips of mitochondrial tubules extending into the mother of
Myo2-Fisl-expressing  cells  colocalized with Numl-DsRed
(Fig. 3). We reasoned that it should be possible to find these
sites in electron tomograms. We observed that mitochondria in the
retention zone of the mother cell were frequently located in the
vicinity of electron dense material emanating from the plasma
membrane (Fig. 4A-C). In some cases, it could be clearly seen that
the plasma membrane formed invaginations contacting the
mitochondrial outer membrane. Similar mitochondrial plasma
membrane contacts could be found in wild-type cells (Fig. 4D)
suggesting that Myo2-Fisl is not involved in the formation of
plasma membrane invaginations. Plasma membrane invaginations
are also present in Anum/ cells (Fig. 4E) suggesting that they are
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formed independently of Numl. However, we could not find
mitochondria contacting these invaginations in the absence of
Numl. We consider it likely that these structures represent
mitochondrial cortex anchors. Thus, attachment of mitochondria in
the mother appears to be established by contacts to the plasma
membrane.

A chimeric plasma membrane tether rescues
mitochondrial morphology defects in Anum1 and Amdm36
mutants

Cells lacking Numl have a severe mitochondrial division defect.
Mitochondria form highly interconnected networks that are
remarkably similar to aberrant mitochondria in Adnmi and
other well characterized mitochondrial division mutants (Cerveny
ct al., 2007). Mutants lacking the mitochondria-associated protein
Mdm36 have an indiscernible phenotype (Hammermeister et al.,
2010), and Numl and Mdm36 are thought to cooperate with
Dnm1 in mitochondrial division and maintenance of mitochondrial
morphology (Cerveny et al., 2007; Hammermeister et al., 2010).
To test whether mitochondrial morphology defects in Anuml and
Amdm36 mutants are caused by a defect in cell cortex attachment
we generated two chimeric mitochondria—plasma membrane
tethers. These consist of the N-terminal transmembrane anchor
of the mitochondrial outer membrane protein Tom20, a GFP
moiety, and a C-terminal pleckstrin homology (PH) domain.
Tom20-GFP-PH(Numl) contains thec Num!l PH domain, which is
required for the cortical localization of Num1 (Tang et al., 2009).
Tom20-GFP-PIH{Opyl) contains the C-terminal P domain of
Opyl. Opyl is involved in the regulation of phosphatidylinositol
4,5-bisphosphate synthesis (Ling et al., 2012), and its function is
not related to Numl. Consistent with an carlier report (Yu et al.,
2004) we observed that fusion proteins consisting solely of GFP
and the PH domains were targeted to the plasma membrane with
some background staining in the nucleus and cytosol (Fig. 5A). In

Left and middle panels show x/y planes of the
same tomogram of the mother cell pole
opposite the bud. Arrows indicate plasma
membrane invaginalions lowards
mitochondria. Different colors indicate
different invaginations. Right panel, 3D
reconstruction of the tomogram. Blue, plasma
membrane; orange, mitochondrial outer
membrane. Inset, the mitochondrial plasma
membrane contact indicated by the white
arrow, viewed from a different angle.

(B.C) Tomograms of two other cells were
obtained as in A. The asterisk in C marks
cortical ER. (D) Electron micrograph of an
ultrathin section of a wild-type cell not
cxpressing Myo2-Fisl, (E) Electron
micrograph of an ultrathin section of a Anwm/
cell, Scale bars: 250 nm,

contrast, both mitochondria—plasma membrane tethers formed
punctate structures that colocalized with mitochondria (Fig. 5A)
and resemble Num| foci (compare Fig. 3A). Strikingly, expression
of chimeric plasma membrane tethers in Anum ! or Amdm36 cells
efficiently converted the condensed, interconnected mitochondrial
nets to wild-type-like mitochondria. Importantly, the tethers were
unable to rescue the mitochondrial morphology defect in Adnmi
cells (Fig. 5A,B).

The scission of membranes by dynamin is facilitated by the
generation of longitudinal tension, c.g. by molecular motors
pulling the membrane along cytoskeletal tracks (Roux et al.,
2006). It has been hypothesized that Anum{ cells are defective in
mitochondrial division because anchorage of mitochondria by
Numl together with cytoskeleton-dependent forces is required to
generate tension, which then facilitates severing of the membranes
by Dnm1 (Schauss and McBride, 2007). To test this hypothesis we
induced fragmentation of mitochondria with sodium azide (Fekkes
et al., 2000) in the absence or presence of mitochondrial cortex
tethers. Strikingly, expression of mitochondrial cortex tethers
restored azide-induced mitochondrial fragmentation in about 30%
of Anuml and Amdm36 cells, but not in AdnmI (Fig. 5C,D). We
conclude that mitochondrial fission defects in Anum/ and
Amem36 mutants are caused by a defect in cell cortex attachment.

Discussion

Our results assign to Numl a key role in the attachment of
mitochondria to the yeast cell cortex. In contrast to the situation
in the bud, where Mmr1 anchors mitochondria to the cortical ER
(Swayne et al., 2011), mitochondria establish direct contacts to
the plasma membrane in the mother. Num| appears to be critical
in this process as loss of Numl leads to growth defects and
mitochondrial depletion of mother cells when anterograde
mitochondrial transport is forced by overcxpression of Myo2-
Fisl. Thus, Numl activity is important for mitochondrial mother/
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Figure 1. MDM33 interacts with genes encoding components of phosph olipid biosynthesis. (A)
Genetic connection scatter plot of MDM33. The plot was generated using data from the MITO-MAP
(Hoppins et al., 2011). Each point in the scatter plot represents one gene. The x-axis represents the
cosine correlation between the Dmdm33 interaction scores and the interaction scores obtained for the
represented gene. The y-axis indicates interaction score between Dmdm33 and the represented gene.
Several genes acting in phospholipid metabolism, mitochondrial inner membrane homeostasis
(prohibitins), mitochondrial ER contacts (ER mitochondria encounter structure, ERMES), mitochondrial
distribution, and ATP synthase are highlighted. (B) Pathways of phospholipids biosynthesis. Positive
(green), neutral (black), and negative (red) genetic interaction scores are indicated. CDP-DAG,
cytidine diphosphate-diacylglycerol; CL, cardiolipin; MLCL, monolyso-cardiolipin; PA, phosphatidic
acid; PC, phosphatidylcholine; PDME, phosphatidyldimethyl-ethanolamine; PE, phosphatidyl-
ethanolamine; PG, phosphatidylglycerol; PGP, phosphatidyl-glycerolphosphate; PI,
phosphatidylinositol; PMME, phosphatidylmonomethyl-ethanolamine; PS, phosphatidylserine.

Figure 2. Genome-wide screen for suppressors of MDM33-overexpression induced growth

arrest. (A) Wild type cells or pooled deletion strains were transformed with pYX223-MDMS33 or the
empty vector and plated on synthetic complete medium containing glucose or galactose as carbon
source. Growth was observed after 3 days of incubation at 30°C. (B) A pool containing the 4987
strains of the MATa haploid non-essential yeast deletion library was transformed with pYX223-
MDM33, plated on synthetic complete medium containing glucose or galactose as carbon source and
strain abundance was quantified by microarray hybridization. Shown are normalized and background
corrected microarray fluorescence signal values for the barcodes of each deletion strain. (C) Each
point in the scatter plot represents one gene. The x-axis shows the genetic interaction score between
MDM33 and the represented gene according to the MITO-MAP (Hoppins et al., 2011; compare Fig. 1).
The y-axis indicates the normalized and background corrected microarray fluorescence signal taken
from (B). (D) Strains were transformed with a multicopy plasmid overexpressing MDM33 from the
inducible GAL1/10 promoter or the respective empty vector. 10-fold serial dilutions were spotted on
synthetic complete medium containing glucose or galactose as carbon source and incubated at 30°C
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for 2 (glucose) or 8 (galactose) days. (E) Strains were transformed with an empty vector or a multicopy
plasmid overexpressing SCO2 or YHM2 from the inducible GAL1/10 promoter. 10-fold serial dilutions
were spotted on synthetic complete medium containing glucose or galactose as carbon source.
Growth was scored after incubation at 30°C for 3 days.

Figure 3. MDM33 is part of a genetic network regulating mitochondr ial phospholipid
biosynthesis. (A) Genetic interaction network of MDM33. Nodes represent deleted or overexpressed
genes; edges represent genetic interactions. The network is based on the scores obtained in the
suppressor screen (blue) and in the MITO-MAP (blue and grey). (B) Cells expressing mitochondrial
matrix targeted GFP (mtGFP) were grown to logarithmic growth phase in YPD and analyzed by
fluorescence microscopy. Cell outlines are indicated by a white line. The arrow indicates smaller
spherical mitochondria in the Dmgm1 Dmdm33 double mutant. Bar, 5 pum.

Figure 4. Mdm33 acts in mitochondrial phospholipid homeostasis. (A) Phospholipidome of
mitochondria isolated from cells harboring the indicated plasmids and grown in synthetic complete
medium containing galactose as carbon source. Phospholipid analysis was done by quantitative mass
spectrometry. Data represent mean values + SD. (B) Cells expressing mitochondrial matrix targeted
GFP (mtGFP), and ERFP-tagged Mmm1 (pRS316-MMM1-ERFP) were transformed with a multicopy
plasmid overexpressing MDM33 from the inducible GAL1/10 promoter or the empty vector, grown to
the logarithmic growth phase in synthetic complete media containing galactose as carbon source, and
analyzed by fluorescence microscopy. Bar, 5 um. (C) Western blot analysis of whole cell extracts
carrying an empty vector or overexpressing Mdm33 under control of the GAL1/10 promoter from a
multicopy plasmid (pYX223-MDM33). Cells were grown overnight in synthetic complete media
containing galactose as carbon source and diluted to logarithmic growth phase. Protein was extracted
from the cells by boiling in sample buffer after alkaline treatment. (D) In vitro Psdl activity assay.
Isolated mitochondria of the indicated strains were incubated with liposomes containing NBD-PS for
30 minutes at 30°C, the reaction was stopped, and the total lipids were isolated and separated by
TLC. Shown is the NBD-fluorescence. The same samples were analyzed by Western blotting. (E)
Quantifications are the ratio of the NBD-PE and NBD-PS signals normalized to the wild type-ratio.
Shown are mean values and standard deviation obtained from three independent experiments.

Figure 5. Mdm33 is required for mitochondrial fissi on. (A) Cells expressing mitochondrial matrix
targeted GFP (mtGFP) were grown to logarithmic growth phase in YPD, either mock-treated or
incubated for 40 min with 0.5 mM sodium azide, fixed in 3.7% formaldehyde, and analyzed by
fluorescence microscopy. For each strain cells containing fragmented mitochondria were scored. Error
bars indicate standard deviations of 3 independent experiments with 150 cells per experiment. Images
are merges of DIC and GFP fluorescence (green). Bar: 5 um. (B) Time lapse series of cells grown to
logarithmic growth phase in synthetic complete medium and expressing mitochondrial matrix targeted
ERFP (mtERFP) and DNM1-GFP. Images represent maximum intensity projections of fluorescence
image z stacks. Arrows highlight mitochondrial division events. Bar, 5 um. (C) Cells expressing DNM1-
GFP, MMM1-ERFP, and mitochondria targeted BFP (mtBFP) were grown to logarithmic growth phase
in synthetic complete medium and analyzed by fluorescence microscopy. For both strains cells were
scored for association of MmMm1-ERFP with Dnm1-GFP patches. Bar, 5 um. (D) Strains were
transformed with a multicopy plasmid overexpressing MDM33 from the inducible GAL1/10 promoter
(pYX223-MDM33) or an empty vector. 10-fold serial dilutions were spotted on synthetic complete
medium containing glucose (repression of the GAL promoter) or galactose (induction of the GAL
promoter) as carbon source and incubated at 30°C for 2-4 days. (E) Cells expressing MDM33 from the
GAL promoter and mtGFP were grown overnight in synthetic complete medium containing galactose
as carbon source, diluted to logarithmic growth phase and analyzed by fluorescence microscopy. Bar,
5 um. (F) Electron micrographs of ultrathin sections of cells grown as in (E). Bars, 200 nm.

Figure 6. GFP-Mdm33 forms foci co-localizing with D  nm1-mCherry. (A) GFP-Mdm33 foci and
Dnml1-mCherry punctae coincide spatially. The mitochondrial matrix was labelled with BFP.
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Arrowheads highlight co-localization of GFP-Mdm33 and Dnm1-mCherry. Images are projections of z-
stacks. Bar, 2 um. (B) GFP-Mdm33 foci and Dnm1-mCherry punctae coincide temporally. Cells were
analyzed as above for 210 sec taking a z-stack every 10 sec. Bars, 2 um.

Table 1. Mdm33 is in vicinity of prohibitins and AT P synthase. Immunoprecipitates of cross-linked
GFP-Mdm33 were analyzed by mass spectrometry. The number of peptides and percent coverage is
shown for each identified protein.

total spectrum count (% coverage)

protein identified integrated GFP-Mdm33 low copy GFP-Mdm33 high copy GFP-Mdm33

Mdm33 203 (64%) 450 (76%) 512 (77%)

Phb1l 8 (20%) 35 (56%) 45 (56%)

Phb2 13 (22%) 48 (49%) 65 (51%)

Atpl 9 (12%) 42 (24%) 54 (28%)

Atp2 9 (15%) 120 (60%) 74 (43%)
%% '

Figure S1. Screen for genetic interaction partners of MDM33. (A) Schematic representation of a
bar-coded deletion allele in strains of the yeast deletion collection (Giaever et al., 2002). (B) Outline of
the microarray-based genome wide suppressor screen. (C) Strains were transformed with a multicopy
plasmid overexpressing MDM33 from the inducible GAL1/10 promoter or the respective empty vector.
10-fold serial dilutions were spotted on synthetic complete medium containing glucose or galactose as
carbon source and incubated at 30°C for 2 (glucose) or 4 days (galactose).

Figure S2. PHB1 and PHB2 genetically interact with  MDMS33. (A) Double mutants of Dphb1/2 and
Dmdm33 were generated by tetrad dissection. The growth of more than 150 spores was scored for
each cross and set in relation to the mean growth of the wild type spores. Shown are representative
tetrads and the mean colony size in % of wild type. Error bars indicate standard error. Green bars
indicate the difference of the observed colony size and the size that would be expected if the genes
would not interact. (B) Strains harboring a multicopy plasmid overexpressing MDM33 from the
inducible GAL1/10 promoter (pYX223-MDMS33) or the respective empty vector were transformed with
a low copy plasmid expressing PHB1. 10-fold serial dilutions were spotted on synthetic complete
medium containing glucose (repression of the GAL promoter) or galactose (induction of the GAL
promoter) as carbon source and incubated at 30°C for 2-4 days.

Figure S3. Phosphatidylethanolamine biosynthesis pa thways in yeast. Dashed lines indicate
transport while solid lines indicate enzymatic reactions. OM: Mitochondrial outer membrane. IM:
mitochondrial inner membrane. G/E/V: Golgi / endosome / vacuole. ERMES: ER-mitochondria
encounter structure. PS: Phosphatidylserine. PE: Phosphatidylethanolamine. Etn: Ethanolamine. Etn-
P: Phosphorylethanolamine. CDP-Etn: CDP-ethanolamine. CDP-DAG: CDP-diacylglycerol.

9C



: E-.12E ) 27

Figure S4. GFP-Mdm33 forms foci co-localizing with Mmm21-mCherry. Images are projections of
z-stacks. Bar, 2 um.

Table S1. Scores from the microarray-based genome-w  ide screen for suppressors of MDM33
overexpression induced toxicity. A pool containing the 4987 strains of the MATa haploid non-
essential yeast deletion library was transformed with pYX223-MDM33, plated on synthetic complete
medium containing glucose or galactose as carbon source and strain abundance was quantified by
microarray hybridization. Given are normalized and background corrected microarray fluorescence
signal values for the barcodes of each deletion strain under both conditions. The table also includes
scores for the genetic interaction between the indicated gene and MDM33 and their respective
interactome similarity. Latter scores were taken from the MITO-MAP. Red color indicates negative
genetic interaction whilst green color indicates positive genetic interaction with a threshold of -3 and
+3, respectively.

Table S2. Screen for genes that are required for th e formation of aberrant mitochondrial
structures in the Dmdm33 mutant. Cells expressing mitochondrial matrix targeted GFP (mtGFP)
were grown to logarithmic growth phase in YPD and mitochondrial morphology was analyzed by
fluorescence microscopy. The table provides information about the mitochondrial phenotype of 79
double mutants that were generated using the SGA technology. It also includes scores for the genetic
interaction between both deleted genes and the interactome similarity. These scores were taken from
the MITO-MAP. Yellow color indicates that the strains did not exhibit Dmdm33 mitochondrial
morphology.

Please refer to the attached CD-ROM for Tab. S1 and S2.
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