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Mitochondrial distribution and inheritance 
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Abstract. Mechanisms mediating the inheritance of mitochondria are poorly understood, but recent studies with 
the yeasts Saccharomyces cerevMae and Schizosaccharomyces pombe have begun to identify components that 
facilitate this essential process. These components have been identified through the analysis of conditional yeast 
mutants that display aberrant mitochondrial distribution at restrictive conditions. The analysis of these mutants 
has uncovered several novel proteins that are localized either to cytoskeletal structures or to the mitochondria 
themselves. Many mitochondrial inheritance mutants also show altered mitochondrial morphology and defects in 
maintenance of the mitochondrial genome. Although some inheritance components and mechanisms appear to 
function specifically in certain types of cells, other conserved proteins are likely to mediate mitochondrial behavior 
in all eukaryotic cells. 
Key words. Mitochondria; mitochondrial inheritance; cytoskeleton; Saccharomyces cerevisiae; Schizosaccha- 
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Cell proliferation requires the biogenesis and inheri- 
tance of subcellular organelles [1, 2]. In the case of 
mitochondria, which arise only from pre-existing mito- 
chondria, biogenesis depends on the coordinate expres- 
sion of both nuclear and mitochondrial genetic systems, 
and on elaborate mechanisms that target, transport and 
assemble polypeptide subunits into functional enzyme 
complexes. Remarkable progress in describing this bio- 
genesis has been accomplished over the past 20 years [3, 
4]; yet, an essential corollary process of mitochondrial 
proliferation, the transmission of mitochondria to 
daughter cells prior to cell division, remains poorly 
understood. Recently, the identity and characteristics of 
some of the components that mediate mitochondrial 
inheritance are beginning to emerge from studies of the 
yeasts Saccharomyces cerevisiae and Schizosaccha- 
romyces pombe. 
Microscopic observations have documented changes in 
the distribution and form of mitochondria in a diverse 
variety of eukaryotic cells [5-7]. Electron microscopy of 
serial cell sections [8, 9] and fluorescence microscopy of 
live cells stained with mitochondria-specific dyes [10, 1 l] 
have revealed that mitochondria generally comprise a 
tubular network or reticulum. Time-lapse video mi- 
croscopy has indicated that this mitochondrial reticu- 
lure displays a dynamic character, with tubules 
frequently dividing in two, fusing with one another or 
branching into extended, arborated structures [12]. In 
addition, mitochondrial tubules or individual mitochon- 
dria move about the cell, redistributing within inter- 
phase cells (e.g. traversing between the cell center and 
periphery [13]) as well as displaying movements special- 
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ized to mitotic cell proliferation and the inheritance of 
mitochondria [12, 14]. This review will focus on recent 
studies of mechanisms mediating the positioning and 
movement of mitochondria and will consider, in partic- 
ular, mitochondrial distribution in budding and fission 
yeast. Other reviews have addressed mitochondrial 
movement in a wider range of cell types and the variety 
of broader mitochondrial behaviors [15 - 18]. 

Role of the cytoskeleton 

A large number of observations have indicated a role 
for the cytoskeleton in the positioning and movement of 
mitochondria. Microscopic analysis has revealed the 
colocalization of mitochondria with various cytoskeletal 
structures [11, 13, 19- 21], and chemical agents or treat- 
ments that perturbed cytoskeletal networks also altered 
mitochondrial distribution [20, 22]. Association of mito- 
chondria with and movement along microtubules was 
recently observed in live Acanthamoeba cells, and col- 
chicine treatment which depolymerized microtubules in- 
hibited this mitochondrial motility [23]. Similar 
observations, documenting microtubule-associated mi- 
tochondrial movements, were made in studies of the 
filamentous fungus Neurospora crassa [24]. In addition, 
in vitro studies have demonstrated the transport of 
isolated organelles, including mitochondria, along re- 
constituted cytoskeletal filaments [25]. To expand upon 
these largely correlative microscopic and in vitro stud- 
ies, yeast has offered the opportunity for genetic analy- 
sis of mitochondrial inheritance, 
In the budding yeast, S. cerevisiae, a likely candidate for 
a cytoskeletal element that mediates mitochondrial dis- 
tribution is Mdmlp. This protein was originally iden- 
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tiffed through the analysis of mdml, a mutant display- 
ing defective transfer of mitochondria and nuclei into 
growing daughter buds [26]. The mdm1-1 mutation 
showed no effect on the distribution of other subcellular 
organelles or on the apparent structure or function of 
the actin- and tubulin-based cytoskeletons. M D M I  was 
found to encode an essential protein (Mdmlp) with 
modest sequence similarity to the intermediate filament 
proteins of animal cells [27]. Antibodies specific to 
Mdmlp  recognized punctate structures distributed 
throughout the cytoplasm by indirect immunofluores- 
cence microscopy, and these structures were absent 
from temperature-sensitive mdml-1 ceils incubated at 
the nonpermissive temperature [27]. In vitro, purified 
Mdmlp  formed 10-nm filaments very similar to those 
formed by established intermediate filament proteins 
[28]. Additionally, purified mutant Mdmlp  (encoded by 
mdrnl-1) was temperature-sensitive for filament forma- 
tion in the in vitro assembly assay. 
Additional temperature-sensitive mdrnl alleles were 
identified in which cytoplasmic Mdmlp  structures re- 
mained stably assembled even at the nonpermissive 
temperature (H. Fisk and M. Yaffe, unpublished obser- 
vations). Furthermore, certain of these new mdml 
mutations produced defects specific for either mito- 
chondrial or nuclear distribution, thereby suggesting 
that different regions or sites on Mdmlp  may mediate 
these processes. For those rndml alleles causing a 
mitochondrial inheritance defect, alterations of mito- 
chondrial morphology were also apparent, with 
mitochondria typically small, round and frequently 
clustered, rather than the elongated tubules found in 
wild-type cells. Genetic interactions between various 
rndml alleles further supported a model in which 
Mdmlp  assembles and functions as a multimeric com- 
plex. Thus, Mdmlp  structures may comprise a scaffold- 
ing or cytoskeleton that extends throughout the 
cytoplasm and mediates mitochondrial distribution. Al- 
though the relationship between the Mdmlp  structures 
in S. cerevisiae and the intermediate filament networks 
of higher eukaryotic cells is unclear, it is intriguing that 
mitochondria often colocalize with intermediate 
filaments in animal cells [11, 21, 29]. 
The recent analysis of a second mutant, rndm14, has 
identified a novel protein that may function as a partner 
with Mdmlp.  The temperature-sensitive mdm14 mutant 
was identified in a screen for mutants that showed 
genetic interaction with mdrnl, and cells harbouring the 
mdrn14 mutation displayed defects in mitochondrial and 
nuclear inheritance similar to those found in mdml cells 
(K. Shepard and M. Yaffe, unpublished data). Gene 
cloning and analysis revealed the MDM14 gene encodes 
a novel, 35-kDa protein. Furthermore, an epitope- 
tagged version of this protein (which could complement 
the mdrn14 mutant) was localized by indirect immu- 
no fluorescence to cytoplasmic punctate structures simi- 

lar to those identified by antibodies to Mdmlp.  Details 
of the possible interaction of Mdml4p with Mdmlp  
and the molecular activity of this potential partner 
protein remain to be uncovered. 
Several studies have provided evidence to suggest a role 
for actin-based structures in the movement and distri- 
bution of mitochondria in S. cerevisiae; however, it is 
unclear whether this is a direct function of actin. Identi- 
fying and characterizing a role for actin is complicated 
by the essential character of the single actin gene [30] 
and the multiple phenotypes displayed by conditional 
actin mutants [31]. In cells harbouring certain actin 
mutant alleles, mitochondria in some cells appeared 
aggregated and abnormally distributed [32]. Such cells 
also displayed a variety of other defects including aber- 
rant cell morphogenesis, abnormal nuclear distribution 
and osmotic sensitivity. Particular temperature-sensitive 
alleles of actin also appeared to affect both mitochon- 
drial shape and movement during meiotic division [33]. 
In a microscopic analysis of fixed S. cerevisiae cells, a 
fraction of the cells contained some mitochondria colo- 
calized with actin cables [32]. However, certain mutants 
that completely lacked actin cables (e.g. act1-113 or 
tpml) nonetheless displayed normal mitochondrial dis- 
tribution [32, 34]. Therefore, a significant obstacle to 
assigning an unequivocal role for actin in mitochondrial 
inheritance remains the lack of an actin mutant whose 
defect is specific to mitochondria and substantially de- 
fective for some aspect of mitochondrial behaviour. 
Many of the actin mutations that resulted in altered 
mitochondrial organization affected amino acid resi- 
dues implicated in actin's interaction with myosin (the 
'myosin footprint' region of the actin molecule) [32]. 
This suggests that a myosin-like motor activity localized 
to the cytoplasmic face of the mitochondrial outer 
membrane might facilitate transport of mitochondria 
along actin filaments. In vitro, yeast mitochondria ex- 
hibited an ATP-dependent actin-binding activity, and a 
protease-sensitive actin-based motor activity requiring 
ATP hydrolysis was identified on the mitochondrial 
surface [35, 36]. Although these findings strongly sug- 
gest involvement of a myosin family member, single 
mutations in each of the known S. cerevisiae myosin 
genes, MYO1, M Y 0 2 ,  M Y 0 3  and MY04 ,  as well as 
the double rnyo2, rnyo4 mutation, failed to affect mito- 
chondrial movement [33]. The clarification of a role for 
the actin cytoskeleton in mitochondrial distribution 
may require the identification and mutagenesis of a 
novel myosin or myosin-like protein on the mitochon- 
drial surface. 
The third major cytoskeletal network, that composed of 
microtubules, has been shown to mediate mitochondrial 
movement in neuronal axons [37 39], and has been 
implicated in the positioning of mitochondria in a vari- 
ety of animal cells [11, 13, 22]. Despite their clear 
involvement in these other systems, microtubules ap- 
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pear completely dispensable for mitochondrial inheri- 
tance in S. cerevisiae. Specifically, mitochondrial trans- 
mission into buds occurred normally in the presence of 
either mutations or drugs that caused depolymerization 
of microtubules [40, 41]. In striking contrast, recent 
data demonstrated that mitochondrial distribution in 
the fission yeast, S. pombe, is mediated by microtubules. 
This role of microtubules emerged from studies of a 
temperature-sensitive S. pombe mutant, banS, that dis- 
played aggregated and asymmetrically distributed mito- 
chondria after incubation at the restrictive temperature 
[42]. Genetic analysis revealed that ban5 was an allele of 
atb2 +, the gene encoding e2-tubulin. The cold-sensitive 
nda3 mutation in fl-tubulin also caused aberrant mito- 
chondrial distribution. Consistent with a central role for 
microtubules in mitochondrial distribution, microscopic 
analysis revealed that mitochondria largely co-aligned 
with microtubules during interphase in S. pombe cells 
[42]. Fission yeast should now provide a sophisticated 
genetic system for the analysis of microtubule-based 
mitochondrial transport. 

Mitochondrial surface components 

Cytoskeletal factors comprise one broad category of 
likely candidates for components mediating mitochon- 
drial distribution. Tile second frontier for identification 
of potential mitochondrial inheritance components is 
the mitochondrial outer membrane [43]. To date, three 
different outer membrane proteins, Mdml0p, Mmmlp 
and Mdml2p, have been identified as important factors 
for mitochondrial inheritance [44, 45] (K. Berger et al., 
unpublished observations). Loss of function of any of 
these three proteins produced a mitochondrial inheri- 
tance defect as well as a dramatic alteration of mito- 
chondrial morphology in which the normal tubular 
structures were converted to one or a few giant spheres. 
Mitochondrial metabolism was also affected by loss of 
these proteins, and cells lacking Mdml0p or Mdml2p 
grew extremely slowly on nonfermentable carbon 
sources, while cells lacking Mmmlp were completely 
unable to grow on this medium. 
Mdml0p, Mmmlp and Mdml2p are all proteins of the 
mitochondrial outer membrane. Mdml0p encodes a 
56.2-kDa integral membrane protein which is partially 
exposed to the cytoplasm [44]. Controlled expression 
studies demonstrated that depletion of Mdml0p caused 
tubular mitochondria to collapse into thickened loglike 
structures and spheres, and re-expression of MDMIO 
restored wild-type mitochondrial morphology [44]. 
Mmmlp was identified by a mutation that conferred 
temperature-sensitive growth on glycerol but not on 
glucose and which showed a temperature-sensitive, re- 
versible defect in mitochondrial morphology, with en- 
larged spherical mitochondria specifically at restrictive 
temperature [45]. 

The rnmml-null mutant exhibited abnormal mitochon- 
drial morphology at all temperatures, and was unable to 
grow on glycerol medium. M M M 1  encodes a 48.7-kDa 
protein, which, like Mdml0p, is an integral membrane 
protein with a carboxyl terminus that is exposed to the 
cytoplasm [45]. The third mitochondrial outer mem- 
brane protein required for normal mitochondrial inheri- 
tance and morphology is Mdml2p, a 30.8-kDa protein. 
Mdml2p is the first mitochondrial inheritance compo- 
nent for which a homologue has been identified in fission 
yeast (K. Berger et al., unpublished observations). 
Although a null mutation in MDMIO, M M M 1  or 
MDM12 results in a temperature-sensitive growth de- 
fect, none of these genes is essential for growth at lower 
temperatures on glucose (although the mutant cells grow 
substantially slower than wild-type cells). Therefore, at 
23 ~ some mitochondrial transmission must take place 
even in the absence of these outer membrane proteins. 
This residual mitochondrial inheritance may depend on 
a bypass or backup pathway that operates at low but 
adequate levels at permissive temperatures. Although 
the identities of proteins that facilitate such a bypass are 
unknown, a recently identified mutation, SOTI, which 
can partially suppress the defects of rndm10-null or 
mdm12-null mutants (K. Berger et al., unpublished ob- 
servations), may define such a component. 
The specific biochemical activities or molecular roles of 
the three inheritance components of the outer mem- 
brane are unknown; however, two broad models could 
explain the function of these proteins. One possibility is 
that Mdml0p, Mmmlp and Mdml2p comprise a struc- 
ture that serves as an attachment site mediating the 
interaction of the mitochondrial outer membrane with 
cytoskeletal components. This interaction may facilitate 
the movement and positioning of mitochondria as well 
as the maintenance of a tubular, reticulated morphol- 
ogy. Alternatively, the primary function of the three 
outer membrane proteins may be to regulate the shape 
of the organelle through some direct interaction with 
other mitochondrial components. In this model, defects 
in mitochondrial inheritance may be a secondary conse- 
quence of a morphology that is not permissive for 
transport. 

Mitochondrial distribution and mitochondrial integrity 

Cells with rndrnlO, mmrnl or mdrn12 mutations lose 
mitochondrial DNA and generate respiration-deficient 
cells at elevated rates [17] (K. Berger et al., unpublished 
data). This characteristic is shared with a number of 
other mutations affecting mitochondrial function [46], 
and the properties of several of these other mutants 
suggest relationships between mechanisms mediating 
mitochondrial distribution and the behavior of mito- 
chondrial DNA. One such mutant, mgml, was iden- 
tified by its defect in mitochondrial genome mainte- 
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nance [47, 48]. Cells defective for Mgmlp also exhibit 
altered mitochondrial morphology and distribution, 
with marked mitochondrial aggregations [48]. MGM1 
encodes an 89.5-kDa protein homologous to dynamin 
[47, 48], a nucleotide-sensitive microtubule-binding 
protein [49]. While this identification of a dynamin 
family member with a function in mitochondrial distri- 
bution might suggest a role for microtubules in this 
process, the relationship between dynamin and micro- 
tubule-based motility in vivo remains unclear. Although 
proteins of the dynamin family exhibit microtubule 
binding and GTPase activity stimulated by micro- 
tubules, they have not been demonstrated to possess 
motor activity [49, 50]. In addition (as described above), 
there is no evidence for a role of microtubules in mito- 
chondrial distribution in S. cerevisiae. The function of 
Mgmlp in both facilitating mitochondrial distribution 
and maintenance of the mitochondrial genome remains 
to be elucidated. 
A second class of mutants that appear defective for 
maintenance of mitochondrial DNA as well as mito- 
chondrial structural integrity was identified in a screen 
to detect cells with increased escape of mitochondrial 
DNA to the nucleus (vine mutants, for yeast mitochon- 
drial DNA escape [51]). One such mutant, ymel, exhib- 
ited temperature-sensitive growth specifically on 
nonfermentable carbon sources, and extremely slow 
growth in the absence of mitochondrial DNA [52]. 
The ymel  mutant cells also contained enlarged and 
misshapen mitochondria [53]. Ymelp  encodes an 
adenosine triphosphate (ATP)-dependent zinc metallo- 
protease localized to the mitochondrial inner membrane 
[54]. Ymelp  proteolytic activity, which was shown to 
be required for efficient turnover of an unassembled 
cytochrome oxidase subunit, may play a role in regulat- 
ing levels of components affecting diverse aspects 
of mitochondrial function [54]. Alterations in mito- 
chondrial morphology were observed also in several 
other yme mutants (P. Thorsness, personal communica- 
tion). Among these mutants, yme6 proved to be a 
novel allele of M M M 1  [17]. Although the molecular 
activity of the product of this gene is unknown (as 
discussed above), this identity and the properties of 
other yme mutants support the concept of the inter- 
dependence of mitochondrial morphology, mitochon- 
drial structural integrity, maintenance of the mito- 
chondrial genome, and distribution and transmission of 
mitochondria. 
One additional yeast mutant, mdm2, indicates the un- 
derlying importance of membrane fluidity for normal 
mitochondrial behavior. The mdm2 mutant exhibited 
defects in both mitochondrial morphology and inheri- 
tance, with abnormally clumped or clustered, rounded 
mitochondria which were defective for transmission to 
buds as well as distribution within mating projections 
[55]. The mdm2 mutation was found to be a mutant 

allele of the OLE1 gene, encoding fatty acid desaturase, 
and the mdm2 mutant phenotypes could be comple- 
mented by the addition of oleic acid to the medium [55]. 
The mdm2 mutant thereby uncovered a requirement for 
unsaturated fatty acids in mitochondrial transmission to 
buds during mitotic growth, and also for mitochondrial 
distribution into mating projections preceding conjuga- 
tion. 

Mitochondrial dynamics during mating and meiosis 

Most investigations of mitochondrial distribution and 
inheritance have focused on cells engaged in mitotic 
growth. For S. cerevisiae, specialized movements of 
mitochondria also occur during mating and meiosis. An 
analysis of mitochondrial behaviour during yeast cell 
conjugation provided evidence indicating that different 
mitochondrial constituents can move within the cell 
with different kinetics. In this study, distinct markers 
were used to follow segregation of mitochondrial DNA 
and a mitochondrial matrix protein, citrate synthase, 
during conjugation [56]. Subsequent to mating, the rate 
and progression of mixing of the parental mitochon- 
drial genomes lagged significantly behind those of the 
matrix protein. An implication of this finding is that 
transmission of mitochondrial DNA may occur by a 
mechanism distinct from that mediating distribution of 
protein constituents of the mitochondrial matrix. Fur- 
thermore, these findings suggest that a mitochondrion 
may not necessarily behave as a single, unitary struc- 
ture, and that components of different mitochondrial 
subcompartments (e.g. the inner membrane and the 
matrix) may possess different mobility properties. 
Mitochondria also display characteristic dynamics dur- 
ing meiosis. Microscopic analysis of yeast cells undergo- 
ing meiotic sporulation revealed that mitochondria 
condensed from elongated, threadlike organelles into a 
large, multibranched structure [57]. Later in meiosis, 
this giant mitochondrion fragmented into small spheres 
which were distributed among the haploid meiotic 
progeny [14, 57]. Mutants specifically defective for mei- 
otic mitochondrial inheritance have not yet been iden- 
tified, but at least some mitotic mitochondrial 
inheritance mutants also appear to be defective in this 
process. The enlarged mitochondria of mdmlO and 
mdm12 mutant cells may be defective for some aspect of 
meiotic rearrangement and/or distribution, because 
diploid cells lacking Mdml0p or Mdml2p failed to 
undergo sporulation (K. Berger et al., unpublished ob- 
servations). Additionally, specific combinations of cer- 
tain mdm mutations produced reduced spore viability 
(K. H. Berger, K. A. Shepard, and M. P. Yaffe, unpub- 
lished results). Meiotic inheritance and distribution of 
mitochondria is likely to require many of the same 
components as mitotic distribution, and other factors 
specific to meiotic processes may yet be discovered. 
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Mitochondrial  distribution in fission yeast  

In the character iza t ion  o f  mi tochondr ia l  inheri tance in 

yeast, the major i ty  o f  studies have focused on S. cere- 
visiae. Recent  invest igat ions using S. pombe have un- 

covered distinct differences in mi tochondr ia l  behavior  

between fission and budding  yeast. In part icular ,  the 

central  role o f  microtubules  in S. pombe but  not  in S. 

cerevisiae (as discussed above)  indicates fundamenta l  

mechanis t ic  var iat ion.  Despi te  this difference, mi to-  

chondr ia l  inheri tance in these two species as well as in 

o ther  eukaryot ic  cells is likely to retain some c o m m o n  

elements,  par t icular ly consider ing the highly conserved 

nature  o f  mi tochondr ia l  activities, enzymes and basic 

structures a m o n g  disparate  species. 

At  present,  studies have identified a single mi tochon-  

drial inheri tance componen t ,  M d m l 2 p ,  that  is con-  

served between budding  and fission yeast (K. Berger et 

al., unpubl ished data). As  described above,  loss o f  

M d m l 2 p  funct ion in S. cerevisiae results in giant, spher- 

ical m i tochondr i a  which are defective for inheri tance.  A 

search o f  protein sequence databases identified a poten-  

tial M d m l 2 p  h o m o l o g u e  in S. pombe. The cor respond-  

ing S. pombe gene was c loned and expressed in S. 

cerevisiae. In otherwise wild-type cells, expression o f  the 

S. pombe M d m l 2 p  h o m o l o g u e  caused mi tochondr i a  to 

display abnormal ly  enlarged and rounded  morpho logy ,  

resembling the mdml2 mutan t  phenotype.  The  ability o f  

the foreign gene to confer  a dominan t  negat ive pheno-  

type suggests part ial  fnnct ional  as well as structural  

conservat ion.  The cellular requi rement  for the S. pombe 
M d m l 2 p  homologue  in fission yeast is current ly  under  

investigation.  

Models  of  mitoehondrial movement 

Recent  studies have begun to identify proteins  that  

facilitate the m o v e m e n t  and inheri tance o f  mi tochondr i a  

in yeast. These proteins may  be grouped  into two broad  

categories: cytoskeletal  componen t s  (such as M d m l p )  

and mi tochondr ia l  proteins (such as M d m l O p  and 

M m m l p ) .  While  the specific biochemical  activities and 

interact ions o f  most  o f  these componen t s  have  yet to be 

described, their dis t r ibut ions within the cell suggest two 

general models  for mechanisms media t ing  mi tochon-  

drial m o v e m e n t  and inheri tance.  One possibil i ty is that  

molecular  motors  bind to the mi tochondr ia l  surface and 

pull m i tochondr i a  a long cytoskeletal  tracks. This ap- 

pears to be a principal  mode  of  mi tochondr ia l  t ranspor t  

in neurona l  axons [25, 38, 39], and a similar mechan i sm 

may  opera te  in yeast, perhaps  utilizing microtubules  in 

S. pombe and a different  cytoskeletal  system in S. cere- 
visiae. A second mode l  for  mi tochondr ia l  mot i l i ty  is that  

mi tochondr i a  move  via internal  changes in m o r p h o l o g y  

and the sequential  b inding and release o f  surface struc- 

tures a long a cytoskeletal  scaffold. This mode l  envisions 

a 'c rawling '  or  amoeboid- l ike  mechan i sm in which 

m o v e m e n t  is catalysed f rom within  the organelle,  and 

the cytoskele ton serves either to channel  m o v e m e n t  or  as 

a passive substratum. The ident if icat ion o f  addi t ional  

prote ins  that  media te  mi tochondr ia l  inher i tance bo th  in 

fission and budding  yeast  and the charac ter iza t ion  o f  

interact ions  between these var ious  componen t s  should 

lead to an e lucidat ion o f  mechan isms  media t ing  mito-  

chondr ia l  m o v e m e n t  and inheri tance.  
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