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Mitochondria as protean organelles: membrane processes that
influence mitochondrial shape in yeast
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Abstract. Yeast mitochondria constitute a complex dynamic tubular reticulum almost continually
undergoing fission, fusion, and movements along cytoskeletal filaments. Besides machineries directly
implicated in these processes, a large group of diverse proteins, whose exact contribution is still
a matter of debate, also influence mitochondrial shape. This review focuses on those factors that seem
to affect morphogenesis only indirectly, through their involvement in mitochondrial protein import,
lipid supply, inheritance, or ion homeostasis. Many of them stand on the intersections of pathways
contributing to mitochondrial biogenesis. Their absence has multiple phenotypic consequences, one
of the most distinctive being the loss of the typical tubular shape of these organelles.

Key words: Mitochondria — Yeast — Mitochondrial morphology — Tubulation

Abbreviations: CL, cardiolipin; ER, endoplasmic reticulum; ERMES, ER-mitochondria encoun-
ter structure; GEP, genetic interactors of prohibitins; IMM, inner mitochondrial membrane;
IMS, intermembrane space; MDM, mitochondrial dynamics and morphology; MMM complex,
Mdm10+Mdm12+Mmm1l (mitochore); mtDNA, mitochondrial DNA; OMM, outer mitochondrial
membrane; PAM, presequence translocase-associated motor; PE, phosphatidylethanolamine; PL,
phospholipid(s); SAM, sorting and assembly machinery; TIM, translocase of the inner membrane;
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Introduction

In the course of eukaryotic evolution, the ancestors of present-
day mitochondria transformed from discrete, bacteria-like
endosymbionts to very dynamic organelles of shapes, internal
structure, size, and distribution that reflect cell’s energetic,
metabolic, and developmental conditions. Mechanisms un-
derlying dynamics of these mitochondrial ‘syncytia’ might
have primarily evolved to allow their proper segregation to
daughter cells and their distribution throughout the cytosol,
but became highly integrated into other cellular processes,
eventually participating in the regulation of cellular homeos-
tasis, adaptation, cell cycle progression, as well as death.
Mitochondrial biogenesis depends on nuclear genes, thus
on protein transport from the cytosol, as well as on lipid supply
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from the endoplasmic reticulum (ER), where many steps of
phospholipid (PL) biosynthesis occur. Defects or absence of
mitochondrial proteins are often accompanied by a morpho-
logical change of mitochondria. Furthermore, mitochondrial
shape alteration is not a mere symptom of damage, but may
have a great impact on the cell and, in case of multicellular
eukaryotes, also on the whole organism (Chan 2006; Detmer
and Chan 2007). This review is focused only on the connec-
tions between morphogenesis of Saccharomyces cerevisiae
mitochondria and several pathways contributing to biogenesis,
inheritance, and ion homeostasis of these organelles.

Mitochondrial morphogenesis - shape matters

Mitochondria in actively growing yeast cells form a dynamic
branched tubular reticulum, localized mainly close to the
cell cortex (Hoffmann and Avers 1973). Their dynamics
include frequent fission and fusion events, which control
their number and partially also their shape (Bereiter-Hahn
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and Voth 1994), as well as the movement of these organelles
along the actin filaments of the cytoskeleton, mainly during
cell division (Boldogh et al. 2001). Moreover, several effects
of mitochondrial dynamics on functions of these organelles
were observed, mostly in mammalian cells (Chen et al.
2005; Benard et al. 2007; Jezek and Plecita-Hlavata 2009;
Zorzano et al. 2010). Fusion and fission are also crucial for
maintenance of their morphological as well as functional
heterogeneity, including parameters like mitochondrial
redox state, membrane potential (AY), respiratory activity,
uncoupling proteins, reactive oxygen species, and calcium
(Kuznetsov and Margreiter 2009). In mammals, impairment
of these ‘morphogenetic’ processes is often associated with
pathological conditions such as optic atrophy or neuropathy
(Chen and Chan 2009; Liesa et al. 2009). The morphogenetic
players are collectively called shape proteins (Jensen 2005).
Many of the corresponding genes have orthologs in organ-
isms ranging from yeasts to mammals, except for those
presumably involved in the so-called tubulation.

The first termosensitive mutants with defects in mito-
chondrial dynamics and morphology (mdm) were obtained
two decades ago (McConnell et al. 1990), 15 MDM genes
were later identified in a screen of the yeast deletion library
(Dimmer et al. 2002). Okamoto and Shaw (2005) proposed
a classification based on the shape of affected mitochondria,
thus discriminating mutants in fusion (small mitochondrial
fragments), fission (complex mitochondrial network), and
tubulation (one or two spherical mitochondria). Although
these criteria are based on traits that can be discerned rather
easily, the classification is still fairly problematic: mitochon-
drial shapes often vary throughout the cell population and
are more complex, making it difficult to evaluate the nature
of the impairment.

Ambiguous concept of mitochondrial tubulation

Mutants with large and spherical mitochondria lacking the typi-
cal tubular structures are usually called tubulation mutants, even
though it has not been proved that the shape of their organelles
is due to a defect in the process of tubulation itself.

Whereas fusion and fission are in principle well defined
processes, the concept of mitochondrial tubulation remains
unclear. Formation of tubular membrane structures was
described in detail in the case of the plasma membrane un-
dergoing endocytosis and of vesicle-mediated intracellular
transport (Ren et al. 2006; Shibata et al. 2009; Graham and
Kozlov 2010; Kozlov et al. 2010). It involves generation of
membrane curvature, which is achieved either by disrupting
the lipid composition symmetry of the two monolayers or
by bending the membrane using constraints (protein scaf-
folding or wedging) or mechanical forces. The latter may be
generated by molecular motors pulling out the membrane

tubules along actin filaments, or by the polymerisation of
actin filaments attached to the membrane.

Genes whose deletion in S. cerevisiae results in large spheri-
cal mitochondria, mostly devoid of cristae, include MMM,
MDM10, and MDM]I2 (coding for subunits of a complex
formerly called MMM complex, see below) as well as MDM34/
MMM2, MDM31, and MDM32 (Figure 1). Mmmlp is an
integral ER membrane protein cooperating with the integral
outer mitochondrial membrane (OMM) proteins Mdm10 and
Mdm34, as well as the cytosol-oriented peripheral Mdm12p
(Kornmann et al. 2009). Each of them functions in the assem-
bly of several p-barrel proteins (Meisinger et al. 2006) and their
complex is involved in attachment to the actin cytoskeleton
(Hobbs et al. 2001; Boldogh et al. 2003; Meeusen and Nun-
nari 2003), as well as in mediating Ca" signalling and lipid
exchange between mitochondria and ER by tethering the two
organelles together (Kornmann et al. 2009) (see below).

The integral inner mitochondrial membrane (IMM) proteins
Mdm31 and Mdm32 do not interact with the above-mentioned
complex, but form two distinct and yet uncharacterized com-
plexes likely to transiently interact with each other (Dimmer
et al. 2005). The deletion of either one of the MDM3I and
MDM32 genes is synthetically lethal with deletion of either
one of the MMM1I1, MDM12, MDM10, and MDM34 genes
(Dimmer et al. 2005). In addition, in Amdm31 and Amdm32
mutants, mitochondria remain attached to actin filaments, but
the colocalization of the MMM complex with mitochondrial
DNA (mtDNA) is rare and the nucleoids are misshapen, ag-
gregated and destabilized (Dimmer et al. 2005; Kucejova et al.
2005) similarly as in Ammm1 (Hobbs et al. 2001) and Amdm34
(Youngman et al. 2004). Therefore, Mdm31p and Mdm32p were
proposed to play a role in nucleoid anchoring via cooperation
with the MMM complex. Together they might also contribute
to a scaffold-like structure maintaining the tubular shape of the
mitochondrion (Dimmer et al. 2005).

The MMM complex could participate in mitochondrial
morphogenesis via interactions with yet unidentified cy-
toskeletal elements targeting the tubule formation in certain
direction, or via organizing an unknown scaffold-like struc-
ture on the OMM surface which establishes and/or maintains
the tubular shape (Okamoto and Shaw 2005). Yet, all these
hypotheses remain speculative.

Interconnection between mitochondrial shape and
biogenesis

As the aforementioned roles of Mdm proteins imply, mi-
tochondrial biogenesis is not merely a result of parallel
independent pathways supplying proteins and lipids. Rather,
as summarized below, certain shape proteins contribute to
several processes, thus complicating the identification of
their ‘primary’ function (Figure 1, Table 1).
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Figure 1. Most of the proteins, mentioned in this review, that influence mitochondrial shape, but their primary role is in processes other then
fusion, fission, tubulation, cristae formation or lipid synthesis. Dotted arrows indicate proteins’ influence (e.g. on stability of the nucleoid) and
two-headed dotted arrows their interactions. Full arrows depict direction of movement. Proteins and cell components are not shown to scale.

Protein import

Two different protein import machineries operate in the
OMM. The TOM (translocase of the outer membrane) com-
plex recognizes and translocates almost all mitochondrial
proteins. It is also sufficient for the proper insertion of most
proteins with a simple topology into the OMM. However, {3-
barrel membrane proteins pass through the intermembrane
space (IMS) bound to Tim9p/Tim10p chaperones and have
to be integrated to the OMM by the sorting and assembly
machinery (SAM) (Pfanner et al. 2004; Paschen et al. 2005).

The SAM core complex is able to properly sort the mi-
tochondrial porin, but requires association with Mdm10p
to allow the dissociation of Tom40p from SAM (Meisinger
et al. 2004; Yamano et al. 2010). The formation of the SAM
holocomplex from SAM core and Mdm10p is modulated by
Tom?7p, which promotes segregation of Mdm10p from the
SAM holocomplex into a low molecular mass form (Meisinger
etal. 2006). This form of Mdm10p is available for association
with another protein complex, which includes Mdm12p and
Mmm1p, both also required for the assembly of all B-barrel
proteins (Meisinger et al. 2007). Since the absence of this
so-called MMM complex leads to the loss of the association
of mitochondria with the cytoskeleton and with the ER, the
complex was also designated as mitochore (Hobbs et al. 2001),

or, if including also Mdm34p, as ER-mitochondria encounter
structure (ERMES) (Kornmann et al. 2009).

Similarly to the nuclear kinetochore, the mitochore links
the minimal heritable unit of mitochondria (i.e. mtDNA,
OMM, and IMM) to actin filaments. It forms punctuate
structures, some of which are localized in tight proximity of
actively replicating mitochondrial nucleoids, at the OMM-
IMM contact sites (Hobbs et al. 2001; Boldogh et al. 2003;
Meeusen and Nunnari 2003). In addition, the 2—10 links be-
tween mitochondria and the ER per cell provided by ERMES
presumably facilitate localized calcium signalling, as well as
PL exchange by membrane contact between these organelles
(Kornmann et al. 2009). Moreover, in the bud, mitochondrial
binding via the mitochore to actin filaments oriented toward
the mother cell prevents the transport of the whole reticulum
to the daughter cell (Fehrenbacher et al. 2004) (see below).

Besides lipid supply and actin binding, the association
of ERMES with import complexes might contribute to the
tubulation through targeting the protein import to growing
sites of the mitochondrial reticulum and/or to the OMM/IMM
contact sites (Jensen 2005). The loss of any of the ERMES
components results in numerous phenotypic traits. The dele-
tion mutants are inviable on non-fermentable carbon sources,
contain one or few large spherical mitochondria with limited
mobility and their mitochondrial nucleoids are disorganized,
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Table 1. Proteins influencing mitochondrial shape with supposed primary role in other processes

Mitochondrial morphology

e . Selected references
prevailing in the mutant

Proteins Process

Outer membrane*

Hobbs et al. 2001;

protein import, Boldogh et al. 2003;
Mdm10, Mdm12, Mdm34 lipid supply by tethering to large spheres Meeusen and Nunnari 2003;
ER, actin binding Meisinger et al. 2007;

Kornmann et al. 2009

L aggregates, .
T M 1.2
om7 protein import often fenestrated eisinger et al. 2006
Erg6 lipid synthesis fragments, aggregates Dimmer et al. 2002
. . . Fehrenbacher et al. 2005;
Numl, Jsnl, Puf3, Bnil, Bnrl inheritance fragments, aggregates Garcia-Rodriguez et al. 2007
essential
Tom?22, Mim1, Sam35, Sam50 protein import collapsed, ‘diffusive’ structures  Altmann and Westermann 2005
Arp2/3, Myo2, Actl inheritance, movement fragments, aggregates Boldogh et al. 2001;

Altmann and Westermann 2005
Nepl lipid synthesis spheres Altmann and Westermann 2005
Inner membrane

Dimmer et al. 2005;
Kucejova et al. 2005
Nowikovsky et al. 2004;

Mdm31, Mdm32 ion homeostasis? large spheres

ion homeostasis,

Mdm38 protein import small spheres Froschauer et al. 2005;
Nowikovsky et al. 2007

essential

Mgel, Pam18, Zim17 protein import collapsed, ‘diffusive’ structures Altmann and Westermann 2005

Intermembrane space

protein import, Tamura et al. 2009;

Mdm35 lipid supply large spheres Potting et al. 2010
Upsl lipid supply short tubules, small fragments, Sesaki et al. 2006;
aggregates Tamura et al. 2009
. Sesaki et al. 2006;
Ups2/Gepl lipid supply spheres, small nets, aggregates Tamura et al. 2000
Endoplasmic reticulum**
Hobbs et al. 2001;
protein import, Boldogh et al. 2003;
Mmml lipid supply by tethering large spheres Meeusen and Nunnari 2003;
to OMM Meisinger et al. 2007;
Kornmann et al. 2009
.. . McConnell et al. 1990;
Mdm?2/Olel lipid synthesis aggregates Stewart and Yaffe 1991
Erg24, Erg28 lipid synthesis fragments, aggregates Dimmer et al. 2002
essential
Ergl, Erg7Ergl3, Erg25, Erg26, Erg27  lipid synthesis spheres Altmann and Westermann 2005
Cytosol, essential**
Erg8, Ergl0, Ergl2, Mvdl lipid synthesis spheres Altmann and Westermann 2005

*inside, associated with, or bound to an OMM protein
** some of the proteins have, in addition, another localization than the one mentioned here

leading to mtDNA destabilization (Sogo and Yaffe 1994; Berger ~ components of the protein import machinery influence mi-
et al. 1997; Hobbs et al. 2001; Hanekamp et al. 2002). tochondrial morphology as well. Under depletion of Tom22p

As revealed in a screen examining mitochondrial shape  (component of the TOM complex), Mim1p (required for
changes after repression of essential genes, several essential ~ TOM complex assembly), Sam35p, Sam50p (subunits of the
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SAM complex), Mgelp, Pam18p, or Zim17p (components or
cofactors of the TIM23 translocase and its associated import
motor), mitochondria collapse into a rather diffusive-appear-
ing structure (Altmann and Westermann 2005). Deletion of
the nonessential TOM?7 leads to aggregated, often fenestrated
mitochondria that are unevenly distributed in the cell (Dim-
mer et al. 2002). All these proteins presumably contribute to
morphogenesis by sustaining sufficient levels of some shape
proteins in mitochondria (Altmann and Westermann 2005).

Phospholipid supply

Recently, Zheng and collaborators demonstrated that mi-
tochondria do not contain lipid rafts (Zheng et al. 2009).
However, the large ring-like supercomplexes formed by
prohibitins in the IMM are supposed to act as membrane or-
ganizers, presumably enclosing microdomains of the bilayer
enriched in cardiolipin (CL) and phosphatidylethanolamine
(PE) (Osman et al. 2009), possibly functionally similar to
the plasma membrane rafts. The yeast prohibitin complex
is required to stabilize some products of mitochondrial
translation (Nijtmans et al. 2000) and protects the native
peptides from degradation by m-AAA proteases, assembling
into large supercomplexes with these enzymes (Steglich et
al. 1999). Its components, Phblp and Phb2p, might form
a scaffold recruiting particular proteins to a specific lipid
environment required for their function or, on the contrary,
enclose protein-free membrane domains, possibly present at
IMM-OMM contact sites (Osman et al. 2009).

Prohibitins become essential under CL or PE depletion.
Their absence is synthetically lethal with the deletion of one of
atleast 35 genes (named GEP for genetic interactors of prohib-
itins), the majority of which disturb PE and/or CL levels upon
deletion (Birner et al. 2003; Osman et al. 2009). Some of the
Gep proteins (e.g. the MMM complex components) presumably
assist in the insertion of OMM proteins affecting mitochondrial
lipid biosynthesis, while others may carry out a direct role in
lipid metabolism or its regulation. In addition to these genetic
interactions, PHB2 acts as a multicopy suppressor of the absence
of Mdm12p or Mdm10p (Berger and Yaffe 1998).

In the context of lipid metabolism, only two GEP genes,
UPS1 and UPS2/GEP1, were studied in more detail (Sesaki et
al. 2006; Osman et al. 2009; Tamura et al. 2009). Their protein
products influence CL and PE levels and protein transport
in opposite ways. The loss of Ups1p decreases CL levels and
the association of TIM23 translocase with the PAM complex
(presequence translocase-associated motor), yet these defects
are rescued by the deletion of UPS2. Ups2p also maintains
mitochondrial PE levels. Upslp and Ups2p, as well as their
homolog Ups3p/Gep2p, are each associated with another
IMS protein, Mdm35, required for their import and main-
tenance in the IMS (Tamura et al. 2009; Potting et al. 2010).
The phenotype of Amdm35 is similar to Aups1 Aups2 Aups3

and restoration of Ups protein levels in Amdm35 mitochon-
dria does not restore PL metabolism. Hence, Mdm35p is not
only mediating affinity-driven protein import, but is also
a functional component of Ups-Mdm35p complexes.

The Amdm35 mutant was first described as having large
spherical mitochondria, similar to those of the tubulation
mutants (Dimmer et al. 2002). Indeed, Upslp and Ups2p
were also found to link PL regulation to morphogenesis,
having partially overlapping but distinct roles in mitochon-
drial shape maintenance. However, in contrast to Amdm35,
mitochondria in Aupsl cells cultivated in glucose media
form short tubules, small fragments, and aggregates, while in
Aups2 cells, only a fraction of mitochondria is disorganized
into round structures, small nets, or aggregates. In contrast,
in a medium with non-fermentable carbon sources, both
mutants have higher CL levels than in a glucose medium and
their mitochondrial morphology is tubular as in wild-type
cells (Sesaki et al. 2006; Tamura et al. 2009).

The lipid supply to mitochondria presumably links also the
vesicular trafficking system to mitochondrial morphogenesis.
Inhibited expression of any of 35 essential genes involved in
protein translocation into the ER or in vesicle budding and
fusion consistently results in fragmented and/or aggregated
mitochondria (Altmann and Westermann 2005).

In addition to the amount of the individual PL types, the
character of fatty acyls in the PL influences many traits of
these organelles. A termosensitive mutation in OLE1/MDM?2
leads to their aggregation and strongly impairs their mobility
into bud (McConnell et al. 1990; Stewart and Yaffe 1991).
Since OLEI encodes a fatty acid desaturase (Stukey et al.
1990), the addition of oleic acid into the growth medium
restores the wild-type phenotype in the Aolel mutant (Stew-
art and Yaffe 1991). The fluidity (or even other properties
dependent on fatty acyls) of mitochondrial membranes
hence affect the distribution of these organelles.

Three hypotheses describe possible bases of this effect
(Stewart and Yaffe 1991). First, their movement could be
extremely sensitive to changes of the membrane fluidity.
Second, the OMM protein complex interacting with cy-
toskeleton might depend on the nearby lipid milieu. Third,
the mitochondrial movement might require some specific
morphological changes which could depend on the amount
of unsaturated fatty acyls in the mitochondrial PL.

Moreover, the unique lipid composition of the OMM
contributes to the selectivity of the post-translational inser-
tion of Fislp, and presumably other OMM tail-anchored
proteins, into the membrane (Kemper et al. 2008). This class
of proteins is characterised by a single transmembrane region
at the C-terminus and a large N-terminal portion exposed
to the cytosol (Wattenberg and Lithgow 2001; Borgese et al.
2003). Their insertion does not involve any of the known
import machineries, but might be enhanced by so far uni-
dentified protein(s). Alternatively, certain lipid domains or
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other structural elements might be sufficient for membrane
stabilization of the protein (Kemper et al. 2008). Fislp is
one of the crucial components of the mitochondrial fission
complex (Mozdy et al. 2000; Zhang and Chan 2007). Division
of the mitochondrial reticulum involves constriction of the
tubule by a spiral of oligomerized dynamin-related GTPase,
Dnmlp. Dnmlp oligomers are stably retained on the OMM
only through interactions with one of the adaptor proteins,
Madvlp or Caf4p, which are tethered to the OMM via Fis1p.
It is therefore conceivable that certain disturbances of the
OMM lipid profile may lead to morphological changes of the
organelle due to the impairment of its fission by weakening
the Mdv1p/Caf4p-Dnm1p complex anchoring.

The opposite process to fission, i.e. fusion, also displays
certain requirements for membrane lipids, although these
seem to contribute in a different way. Generally, besides
protein machinery, most, if not all, membrane fusion events
require a specific change of the lipid environment, i.e. the
presence of a so-called fusogenic lipid. A typical example is
phosphatidic acid, which facilitates stereotypical changes
in membrane curvature that thermodynamically favour
deformation and bilayer mixing, or may recruit or activate
some fusion proteins (Chernomordik et al. 2006).

So far, more insights into the yeast mitochondrial fusion’s
requirements for membrane lipids came only from the study
of Mgm1p, one of the components of the fusion complex. This
dynamin-like GTPase (Guan et al. 1993; Shepard and Yaffe
1999) is present in two forms, both indispensable for IMM
fusion and cristae formation (Herlan et al. 2003; Wong et al.
2003; Meeusen et al. 2006). The peripheral, IMM-associated
short form (s-Mgmlp) is generated by the rhomboid pro-
tease Pcplp/Rbd1p from the long form (I-Mgmlp) during
an unconventional processing termed alternative topogenesis
(Herlan et al. 2003; McQuibban et al. 2003; Herlan et al. 2004).
In vitro, s-Mgmlp assembles into trimers on liposomes and
induces their aggregation. These observations suggest that
s-Mgml trimers on opposing membranes might stack onto
each other, the following GTP hydrolysis and induction of
a conformational change lead to fusion of the bilayers and sub-
sequent release of the stacked trimers (Rujiviphat et al. 2009).
Moreover, the CL-dependent in trans heterodimerization of
the long isoform I-Mgm1p with s-Mgm1p promotes higher-
order assemblies and GTP-dependent conformational changes
of s-Mgm1p that are needed to destabilize lipid bilayers for fu-
sion (DeVay et al. 2009). Similarly to other dynamin proteins,
stimulation of s-Mgm1p’s GTPase activity requires binding to
negatively charged IMM lipids (Rujiviphat et al. 2009).

Ergosterol supply

Mitochondria in cells depleted of either of the 11 essential
enzymes of the ergosterol biosynthesis pathway (Table 1)
are spherical (perhaps swollen), so this sterol is probably re-

quired for their correct morphogenesis (Altmann and West-
ermann 2005). Since the ergosterol content in mitochondrial
membranes is very low (6 and 25 pg/mg of organellar protein
in the OMM and IMM, respectively, compared to approx.
400 pg/mg in the plasma membrane) (Zinser et al. 1993),
its effect on their overall physical properties is very unlikely.
A similar situation is encountered in vacuoles where ergos-
terol (present at 49 pg/mg) is needed for the priming step
of vacuolar homotypic fusion (Kato and Wickner 2001). It
has been suggested that this lipid specifically activates and/or
rearranges membrane proteins involved in the fusion reac-
tion (Kato and Wickner 2001; Fratti et al. 2004). Analogously,
it might modulate the activity of the mitochondria-shaping
proteins (Altmann and Westermann 2005).

Among the nonessential proteins involved in the ergos-
terol synthesis, Ergép, Erg24p, and Erg28p were shown to
influence mitochondrial morphogenesis (Dimmer et al.
2002). The absence of any of them causes fragmentation
and/or aggregation of mitochondria in a large fraction of
cell population.

Mitochondrial inheritance

Mitochondrial biogenesis is an ongoing process, but never
begins de novo; hence these organelles have to be properly
segregated during every cellular division. Their distribution is
closely related to the cell cycle progression (Simon et al. 1997).
Together with bud-tip and mother-tip anchoring (Simon et al.
1997), anterograde (toward the bud) and retrograde (toward
the mother cell tip) movements result in proper mitochondrial
segregation during cell division (Fehrenbacher et al. 2004).

The mitochondrial motility can be affected by mutations
in a large number of genes, many encoding components of
the organellar transport system. The poleward movement
is actin cable-dependent and uses the forces of actin po-
lymerization and actin dynamics mediated by the Arp2/3
complex (Boldogh et al. 2001). This complex is linked to
the OMM via Jsnlp, while Puf3p links it to the mitochore
(Fehrenbacher et al. 2005; Garcia-Rodriguez et al. 2007).
When Puf3p is absent, the interaction between the mitochore
and the Arp2/3 complex is reduced, but appears not to be
completely abolished (Garcia-Rodriguez et al. 2007), possibly
due to the presence of other linking proteins. When either
of ARP2, ARP3, JSN1, or PUF3 is mutated, mitochondria
exhibit not only defects in anterograde movement, but also
fragmentation and aggregation.

The retrograde movement relies on a different mecha-
nism. Mitochondria bind to actin cables via the mitochore
and move toward the mother cell tip (Fehrenbacher et al.
2004). At the bud tip, the actin polymerization is mediated by
the formin Bnilp, which also recruits Num1p to these active
sites of cytoskeletal assembly. Num1p binds to the plasma
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membrane via phosphatidylinositol (4,5)-bisphosphate and
interacts with Dnm1p (Cerveny et al. 2007). This interaction
probably helps to anchor fission-undergoing mitochondria
at the bud tip to generate shorter fragments, which are then
attached to growing actin cables and transported back to the
mother cell (Schauss and McBride 2007).

To retain mitochondria at the bud, the cell uses type
V myosin Myo2p and its two binding partners, Yptl1lp and
Mmrlp (Itoh et al. 2002, 2004). Myo2p probably transports
mitochondrial retention factors to the bud tip and Ypt11p and
Mmrlp might be either the retention factors themselves, or
adaptor molecules that link retention factors to the molecular
motor (Boldogh et al. 2005). These are not the only proteins
with yet precisely undetermined role in mitochondrial in-
heritance and morphology. Among others, the intermediate
filament protein Mdm1p specifically binds membrane phos-
phatidylinositol 3-phosphate and this interaction is required
for proper nuclear and mitochondrial transmission to buds
(Fisk and Yaffe 1997; Yu and Lemmon 2001).

Mutations in genes encoding formins lead to small,
round, non-tubular mitochondria (Fehrenbacher et al. 2004).
While acute depolymerization of actin cables has little effect,
prolonged perturbation leads to clustered and/or coalesced
mitochondria (Griparic and van der Bliek 2001; Boldogh and
Pon 2007). Furthermore, defects in mitochondrial inherit-
ance caused by the absence of any mitochore component lead
to the inhibition of cytokinesis which prevents reduction of
the mitochondrial segregation fidelity (Garcia-Rodriguez et
al. 2009). This phenotype, multiple buds lacking mitochon-
dria, but containing nuclei, was also observed in the case
of the temperature-sensitive olel mutant under restrictive
temperature (McConnell et al. 1990).

Mitochondrial shape and ion homeostasis

The IMM has a relatively low permeability for inorganic ions,
but the A¥Y(~150-180 mV) is a very potent driving force for
the electrophoretic influx of cations (mainly K* and Mg>")
(Brown and Brand 1986). Once the osmolarity of the matrix
starts to increase, it is compensated by water leakage through
the IMM, hence the mitochondrion swells. To prevent such
volume changes and the eventual lysis of the organelle, several
ion transporters operate in the IMM. These constitute an effec-
tive homeostatic mechanism controlling ion concentrations
together with matrix and IMS volumes which are essential
for structural as well as functional integrity of mitochondria
(Garlid and Paucek 2003; Kaasik et al. 2007). Appropriate ion
concentrations are also required for mtDNA replication and
stability and for intron excision (Kovac et al. 1982; Kovac and
Klobucnikova 1983; Wiesenberger et al. 1992).

The transport systems have been extensively studied for
decades, mainly in mammalian heart cells where they are

involved in several physiological and patophysiological proc-
esses (Garlid et al. 2003). However, in yeast, only five genes
are known to code for a mitochondrial cation transporter or
its component: the Mg?* channels Mrs2p (Kolisek et al. 2003;
Schindl et al. 2007) and Lpe10p (Gregan et al. 2001), the Fe2*
transporters Mrs3p and Mrs4p (Muhlenhoff et al. 2003), and
the K*/H™ antiporter component Mdm38p (see below).

Mitochondrial potassium transport

The main intracellular cation K* is present in the matrix at
140-150 mmol/l which is not very different from its cytosolic
concentration. Due to such high concentration, it is the main
mitochondrial osmoregulator. The K* efflux from the ma-
trix is mediated by a K*/H" antiporter, thus at the expense
of the ApH. The unselective K*/H" antiport at the yeast
IMM is also able to transport Na™, since a mitochondrial
sodium-specific antiporter is absent (Welihinda et al. 1993).
It depends on Mdm38p whose depletion leads to low AY,
impaired growth on respiratory substrates, low content of
respiratory complexes III and IV, and selective autophagy
of the swollen organelles (Frazier et al. 2006; Nowikovsky
et al. 2007). The protein is alternatively termed Mkh1 (for
mitochondrial K*/H" exchange factor).

The defects in respiratory chain biogenesis were first at-
tributed to matrix swelling. Yet, Mdm38p also associates with
mitochondrial ribosomes (Frazier et al. 2006) and participates
in the recruitment of their regulatory components; this func-
tion is crucial for the stabilization and translation of specific
mRNAs encoding respiratory chain components (Bauersch-
mitt et al. 2010). The facilitation of co-translational membrane
insertion occurs in cooperation with another IMM-associated
protein, Mbal, and does not depend on the role of Mdm38p
in ion homeostasis (Bauerschmitt et al. 2010).

In a genome-wide screen, four multicopy suppressors of the
reduced growth of Amdm38 on a non-fermentable substrate
were identified, all implicated in mitochondrial ion transport
(Zotova et al. 2010). The genes PIC2 and MRS3 encoding
IMM carriers, involved in P; transport and Fe** accumulation,
respectively (Muhlenhoff et al. 2003; Hamel et al. 2004), are
moderate, while the MRS7 and YDL183c are strong suppres-
sors of the MDM38 deletion. In contrast to Pic2p or Mrs3p, the
overproduction of Yd1183cp or Mrs7p fully restores the K*/H*
activity in Amdm38 mitochondria (Zotova et al. 2010).

Even though the human ortholog LETMI can comple-
ment deletion of MDM38 in yeast (Froschauer et al. 2005)
and the down-regulation of LETM1 also leads to disruption
of both mitochondrial ion homeostasis and tubular shape, it
does not influence the content of respiratory chain complexes
(Dimmer et al. 2008). Moreover, fibroblasts from a patient
with monoallelic deletion of LETMI did not display mor-
phological changes of mitochondria (Dimmer et al. 2008).
The supposed role of Mdm38p/LETM1 remains questionable
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also because its homolog from Drosophila melanogaster was
shown to specifically mediate coupled Ca?*/H* exchange in
vivo and in liposomes (Jiang et al. 2009).

Ionophore resistance and mitochondrial morphology

The role of IMM cation antiporters in the prevention of
matrix swelling implies that their dysfunction will affect the
shape of the IMM and presumably of the entire organelle. In-
deed, Amdm38 was originally named according to the mor-
phological defects of its mitochondria. Due to their increased
K" content, these are enlarged with very few branches, often
forming rings or lariat-like structures (Dimmer et al. 2002),
and devoid of tubular cristae (Nowikovsky et al. 2004; Fro-
schauer etal. 2005). An artificial K*/H" antiporter nigericin
can restore the respiratory growth of the Amdm38 mutant
as well as the aberrant mitochondrial morphology of mam-
malian cells with down-regulated LETM1I gene, acting like
a chemical suppressor of the absence of the K*/H* antiport
(Nowikovsky et al. 2004, 2007; Dimmer et al. 2008).

Nigericin belongs to ‘mobile carrier’ type of ionophores,
compounds catalyzing ion transfer across membranes (Ni-
cholls and Ferguson 2001). Nigericin mediates an electrically
neutral K*/H" exchange; it therefore dissipates ApH but not
AV on the IMM. In mammalian cells, it was shown to cause
alkalinization of intracellular vesicles/compartments. Another
potassium ionophore, valinomycin, catalyses an electrical uni-
portof K" down its concentration gradient: outwards across the
plasma membrane and inwards across the IMM of intact cells.
By collapsing the mitochondrial K* gradient, valinomycin de-
creases AY and causes matrix swelling (Safiulina et al. 2006).

Both valinomycin and nigericin inhibit growth of
S. cerevisiae on a non-fermentable carbon source, while in
conditions allowing fermentation, they induce formation
of respiratory-deficient mutants (Kovac and Klobucnikova
1983). In this yeast, they act preferentially on the IMM,
without affecting functions of the plasma membrane (Ko-
vac et al. 1982). Ionophore-mediated transport depends on
membrane lipid composition, but it is not clear whether the
differences between mitochondrial and plasma membrane
lipids alone could be the reason of this different sensitivity
to valinomycin and nigericin.

As shown in our laboratory, S. cerevisiae clones resistant
to either ionophore arise spontaneously at a relatively high
frequency (5 x 107°) (Petrezselyova et al. 2007). This suggests
that a simple mutation within a rather broad gene repertoire
leads to considerable changes allowing the cell to survive
and to respire in the presence of an ionophore. Analysis
of such mutants could provide new insights into cellular
ion homeostasis, as well as other related processes. In line
with this assumption, we identified Amdm31 and Amdm32
among disruption mutants resistant to nigericin and their
giant spherical mitochondria were shown to be swollen

due to disturbed ion homeostasis (Kucejova et al. 2005). As
their matrix Mg?* concentration [Mg?*],,, is increased and
nigericin is able to alleviate their morphological defects, it
is possible that in the absence of Mdm31p or Mdm32p, the
excess of Mg?* inhibits the K*/H" antiporter, which is then
unable to deal with the K* influx (Kucejova et al. 2005).
Our screening of UV-induced nigericin and valinomycin
resistant mutants yielded four independent clones, val®-1,2
and val/nigR-1,2, with disturbed mitochondrial morphology,
one of them having also vacuolar defects (Petrezselyova et al.
2007). Analogically to Amdm31 and Amdm32, fragmented
mitochondria of these four strains are converted to extended
tubules during incubation in the presence of valinomycin or ni-
gericin. Hence, the restoration of standard mitochondrial shape
by targeting ion homeostasis surprisingly turned out not to be
limited to mutants with apparently swollen mitochondria.

Conclusions

The shape of mitochondrial reticulum depends on permanent
fission and fusion events which adapt it in line with actual
cellular needs into an extended tubular or fragmented form.
Proteins directly responsible for the fission or fusion have been
identified; their complex regulation is being investigated. How-
ever, so far, all proteins whose absence results in large spherical
mitochondria were recognized to be primarily involved in
mitochondrial biogenesis or ion homeostasis. Although the
supply of certain shape proteins and particular lipids influenc-
ing membrane properties, together with prevention of matrix
swelling, contribute to the mitochondrial shape maintenance
in a conceivable way, the exact mechanism molding the two
membranes into tubules remains unknown. Besides further
examination of the identified tubulation mutants and search
for eventual new ones, detailed microscopic time-course
observations of tubulation itself (e.g. transformation of a big
swollen mitochondrion of a conditional mutant into a tubule
after transfer to a permissive temperature) could lead to
a better understanding of the process.
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