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The Machinery of Mitochondrial
Inheritance and Behavior

Michael P. Yaffe

The distribution of mitochondria to daughter cells during cell division is an
essential feature of cell proliferation. Until recently, it was commonly
believed that inheritance of mitochondria and other organelles was a
passive process, a consequence of their random diffusion throughout the
cytoplasm. A growing recognition of the reticular morphology of
mitochondria in many living cells, the association of mitochondria with
the cytoskeleton, and the coordinated movements of mitochondria
during cellular division and differentiation has illuminated the neces-
sity for a cellular machinery that mediates mitochondrial behavior.
Characterization of the underlying molecular components of this ma-
chinery is providing insight into mechanisms regulating mitochondrial

morphology and distribution.

Mitochondria have long been recognized as
prominent and vital residents of the cyto-
plasm of eukaryotic cells. These ubiquitous
organelles were identified 50 years ago as the
site of oxidative energy metabolism (/). Sub-
sequent studies have uncovered myriad mito-
chondrial proteins that catalyze numerous
biosynthetic and degradative reactions funda-
mental to cell function (2). These activities
depend on a distinctive mitochondrial struc-
ture, with different enzymes and reactions
localized in discrete membranes and aqueous
compartments. The characteristic mitochondrial
structural organization is the product of both
local synthesis of macromolecules within the
mitochondria and the import of proteins and
lipids synthesized outside the organelle (3).
Synthesis and import of mitochondrial compo-
nents are required for mitochondrial prolifera-
tion, but rather than producing new organelles,
these processes facilitate the growth of preex-
isting mitochondria. Because the mitochondrial
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membranes and the mitochondrial DNA must
serve as essential templates for the growth of
the organelle, mitochondrial continuity requires
the transmission of mitochondria to daughter
cells before every cell division.

Mitochondria display an amazing plastic-
ity of form and distribution. Although their
internal structural organization is highly con-
served, the external shape of mitochondria is

variable. In addition to the classic kidney
bean—shaped organelles observed in electron
micrographs, mitochondria are frequently
found as extended reticular networks (4) (Fig.
1). These networks are extremely dynamic in
growing cells, with tubular sections dividing
in half, branching, and fusing to create a fluid
tubular web (5). In differentiated cells, such
as those found in cardiac muscle or kidney
tubules, mitochondria are often localized to
specific cytoplasmic regions rather than ran-
domly distributed (6). Some alterations in
mitochondrial shape and distribution are de-
velopmentally programmed, with characteris-
tic mitochondrial migrations or morphologi-
cal changes occurring at key stages in cellular
differentiation (7, 8). Additionally, alter-
ations in mitochondrial distribution and mor-
phology are associated with a variety of
pathological conditions, including liver dis-
ease (9), muscular dystrophy (/0), cardiomy-
opathy (/1), and cancer (12).

Fig. 1. Mitochondrial network in a
mammalian fibroblast. A COS-7 cell
labeled to visualize mitochondria
(green) and microtubules (red) was
analyzed by indirect immunofluo-
rescence confocal microscopy. Mito-
chondria were labeled with antibod-
ies to the B subunit of the F,-
ATPase and a rhodamine-conjugated
secondary antibody. Microtubules
were labeled with antibody to tubu-
lin and a fluorescein-conjugated sec-
ondary antibody. Pseudocolor was
added to the digitized image. Scale:
1Tem = 10 pm. .
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In considering the dynamics of mitochon-
drial shape and behavior, three questions mo-
tivate much ongoing research. What struc-
tures and molecular components mediate
changes in mitochondrial distribution and
morphology? What mechanisms ensure the
faithful inheritance of mitochondria in every
cell cycle? Finally, how is mitochondrial be-
havior coordinated with other central events
in cell proliferation and development?

Insights into the molecular basis of mito-
chondrial behavior are emerging from a com-
bination of microscopic, genetic, and bio-
chemical approaches. The first molecules
mediating mitochondrial inheritance were
discovered through isolation and analysis of
mutant yeast cells that displayed conditional
defects in mitochondrial distribution and
morphology (13). More recently, proteins fa-
cilitating mitochondrial distribution have
been identified through studies of the cy-
toskeleton and analysis of proteins that play
fundamental roles in the movement of other
organelles and membranes (/4—16). In addi-
tion, studies of cellular differentiation during
sperm formation have uncovered a novel
component involved in mitochondrial fusion
(17). Some of the components mediating mi-
tochondrial behavior are highly conserved
proteins that are likely to function in a broad
array of eukaryotic cells (18—20).

Tracking Mitochondrial Movement

Microscopic studies performed more than 80
years ago revealed vigorous movement of
mitochondria in the cytoplasm (21). These
observations supported early suggestions that
mitochondria were related to bacteria (22),
foreshadowing widespread acceptance of the
endosymbiotic theory of mitochondrial de-
scent from prokaryotic cells that were sym-
biotically established in the cytoplasm-of a
eukaryotic progenitor (23). However, mito-
chondria lack flagella, cilia, or other struc-
tures associated with bacterial motility, and
the mechanisms of mitochondrial movement
remained obscure for many years.

The first clues to the mechanisms of mito-
chondrial distribution and movement emerged
from studies of the cytoskeleton. Microscopic
analysis revealed colocalization of mitochon-
dria with certain cytoskeletal components. In
particular, many studies documented colocal-
ization of mitochondria with microtubules in
diverse cell types including mammalian neu-
rons, sperm cells, and cultured fibroblasts as
well as in the fission yeast Schizosaccharomy-
ces pombe and the protozoan Acanthamoeba
castellanii (18, 24—-26). Involvement of micro-
tubules was further supported by the observa-
tion that mitochondria redistribute in cultured
mammalian cells treated with agents that disas-
semble microtubule networks (24, 27). Fluores-
cence and video microscopy of Acanthamoeba
(26) and the fungus Neurospora crassa (28)

revealed mitochondria tracking along microtu-
bules in live cells. Microscopic analysis of
transport in chick neuronal axons revealed that
microtubule inhibitors reduced mitochondrial
movement and that actin microfilaments might
participate in axonal mitochondrial transport (as
discussed below) (29). Furthermore, disruption
of microtubules by certain conditional muta-
tions in genes encoding tubulins (the building
blocks of microtubules) caused aberrant mito-
chondrial distribution in S. pombe, providing
genetic evidence that microtubules position mi-
tochondria in this organism (/8).

A pivotal advance in identifying the molec-
ular basis of organellar movement on microtu-
bules was the discovery of the microtubule-
based motor proteins, kinesin and cytoplasmic
dynein (30). These proteins bind microtubules
and transduce chemical energy into mechanical
work as they hydrolyze adenosine triphosphate
(ATP) to power polarized movement along mi-
crotubules (37). Both proteins can bind and
transport “cargo” in the form of vesicles, or-
ganelles, or other proteins, and mitochondria
appear to be among the favored cargoes. In
particular, several different members of the ki-
nesin superfamily have been localized prefer-
entially to mitochondria in animal cells. One of
these proteins, KIF1B, was localized to mito-
chondria in vivo and copurified with mitochon-
dria isolated from mouse cells (32) (Table 1).
Purified mitochondria with bound kinesin dis-
played motility on microtubules in vitro, and
this translocation activity was blocked by anti-
bodies inhibiting KIF1B function. Mitochondri-
al localization was also found for KLP67A, a
kinesin-like protein identified in proliferating
embryonic cells of the fruit fly Drosophila
melanogaster (33). Intriguingly, KLP67A was
localized to mitochondria near or on the astral
microtubules in mitotic cells, perhaps indicating
a function for the protein in mitochondrial lo-
calization during cell division.

Analysis of another kinesin family mem-
ber, KIF5B, has recently provided direct ev-
idence of a role for kinesin in mitochondrial
distribution (34). Disruption of the corre-
sponding gene in mice resulted in embryonic
death, so the in vivo effects of KIF5B defi-
ciency could not be assessed. However, cells
derived from the visceral yolk sac of mutant
embryos displayed dramatically altered mito-
chondrial distribution: mitochondria were
clustered near the nucleus rather than spread
throughout the cytoplasm and toward the cell
periphery. Interestingly, the clustered mito-
chondria remained associated with microtu-
bules, indicating that additional proteins may
mediate binding to microtubules.

Intermediate filaments (IFs) also appear to
play a role in mitochondrial positioning. Indi-
rect immunofluorescence microscopy has
shown that mitochondria and cytoplasmic IFs
colocalize in certain types of animal cells, and
mitochondrial distribution is altered by treat-

ments that collapse the IF network (25, 35).
IF-based molecular motors have not been iden-
tified thus far, so IFs might play a more passive
or structural role by anchoring mitochondria at
particular cytoplasmic locations. It is also pos-
sible that microtubules and IFs both mediate
mitochondrial distribution but function at dif-
ferent times in the cell cycle. For example,
mitochondria might be transported toward the
cell periphery along microtubules during inter-
phase and then passed to IFs as mitosis begins
(and cytoplasmic microtubules are disassem-
bled). Electron micrographs of frog axons have
revealed molecular cross-bridges between sin-
gle mitochondria and both microtubules and
neuronal IFs (36).

The role of actin in mitochondrial move-
ment is less clear. In characean algal cells,
mitochondria and other organelles move by
cytoplasmic streaming (37), a process depen-
dent on actin filaments and type-I myosin mo-
tors (38). Mitochondrial movement in locust
photoreceptor cells and Malpighian tubule cells
of the insect Rhodnius prolixus was blocked by
inhibitors of actin polymerization (39). Addi-
tionally, in the presence of anti-microtubule
drugs, mitochondrial movement in neuronal ax-
ons became dependent on actin filaments (29).
In the yeast Saccharomyces cerevisiae, a frac-
tion of the mitochondrial tubules appears to
colocalize with actin cables (40), and specific
mutations in the single actin gene cause abnor-
mal mitochondrial distribution and morphology
(40). Additionally, isolated yeast mitochondria
bound to actin filaments and exhibited actin-
based motility in an in vitro assay (41, 42).
These observations suggest that mitochondria
might be transported along actin cables that
extend between the mother portion of the cell
and the developing daughter bud. However,
certain mutations cause total loss of these actin
cables, but mitochondrial transport remains
normal (40, 43). Furthermore, mutations in the
five yeast myosin genes have no effect on
mitochondrial inheritance (42, 44). Further clar-
ification of actin’s role in mitochondrial move-
ment may require the identification of specific
actin-binding proteins that mediate interactions
with mitochondria.

Dynamin-Related Proteins and
Mitochondrial Dynamics

Members of a second class of protein—the
dynamin superfamily of large guanosine
triphosphate (GTP)-binding proteins—were
recently found to play important roles in mi-
tochondrial distribution. This function in dis-
tribution appears to be intimately related to
the role of these dynamin homologs in deter-
mining normal mitochondrial morphology.
Indeed, it is difficult to distinguish changes in
morphology from changes in distribution,
particularly in cells where mitochondria are
normally found in extended reticular net-
works (435).
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Dynamin was originally identified as a pro-
tein essential for endocytosis in animal cells,
where it facilitates the internalization and scis-
sion step by which clathrin-coated pits become
coated vesicles (46). Eukaryotic cells contain
several dynamin-related proteins, and the func-
tion of one of these, Drpl, was recently inves-
tigated by examining the expression of mutant
versions of the human protein in cultured cells
(15). Expression of Drpl containing alterations
in the conserved GTP-binding site caused strik-
ing changes in mitochondrial distribution, with
the normally extended tubular projections col-
lapsing into large perinuclear aggregates of tu-
bules. Effects of mutant Drp1 were specific for
mitochondria. Wild-type Drpl was localized
throughout the cytoplasm and did not appear to
associate with mitochondria.

Independently, another role for a dynamin
family member was uncovered through anal-
ysis of a S. cerevisiae mutant, mdm29 (16). In
cells with this mutation, mitochondria col-
lapse from their normal peripheral distribu-
tion around the cell cortex (the cytoplasmic
zone underlying the plasma membrane) into a
linear bundle of tubules aligned along one
side of the cell. The mdm29 mutation was
mapped to DNMI, a gene encoding a dy-
namin-like protein most closely related to
Dipl (47). Yeast cells expressing Dnmlp

MITOCHONDRIA

mutated in the conserved GTP-binding site
also display collapsed mitochondria. Wild-
type Dnmlp was predominantly distributed
in the cytosol, but, intriguingly, a fraction of
the protein in wild-type cells was found in
punctate structures localized along mitochon-
drial tubules at points of apparent association
with the cell cortex.

Mutation of another conserved protein,
Clul, also produces changes in mitochondrial
distribution similar to those caused by muta-
tions in the dynamin-related proteins. In S. cer-
evisiae cells in which CLUI has been deleted,
the mitochondria collapsed along one side of
the cell (48), and disruption of the homologous
cluAd gene in the slime mold Dictyostelium dis-
coideum caused mitochondrial aggregation and
clustering near the center of the cell (49). Clulp
is not a dynamin homolog, and its protein se-
quence provides few hints as to its molecular
function, but the similarity of the yeast mutant
phenotype to that caused by mutations in dnm]
suggests that these two proteins may facilitate a
common step in the lateral distribution and
arborization of mitochondrial tubules. Dnm1p
and Clulp may act in concert with molecular
motors to pull mitochondria out toward the cell
periphery, or they may modify local morphol-
ogy of a mitochondrial tubule to promote
branching and network extension.

Table 1. Proteins that appear to play a primary or direct role in mitochondrial dynamics.

Mitochondrial Fusion Factor

Mitochondrial fusion is a key aspect of mito-
chondrial dynamics. As mitochondria undergo
morphological changes or alterations in distri-
bution during cellular growth and differentia-
tion, individual mitochondria or separate tu-
bules of reticular mitochondrial networks fre-
quently fuse into larger or more highly
branched structures (5, 50). Similar membrane
fusion events involving other organelles depend
on a well-characterized set of proteins includ-
ing N-ethylmaleimide sensitive factor (NSF),
soluble NSF attachment protein receptors
(SNARES), and guanosine triphosphatases of
the rab family (rab GTPases) (57), but most of
these components do not appear to function in
mitochondrial dynamics.

One of the molecular components medi-
ating mitochondrial fusion was recently iden-
tified through the analysis of a Drosophila
mutant defective in sperm development (7).
At a critical stage in Drosophila spermato-
genesis, mitochondria aggregate and fuse into
two giant structures that are incorporated into
the midpiece of the developing spermatid and
later produce ATP to power the sperm’s
flagellar motor (8). In one Drosophila mu-
tant, mitochondria aggregate but do not fuse;
instead, they form a structure resembling a
“fuzzy onion.” The fuzzy onions gene en-

Protein Organism Location Mutant phenotype Protein properties References
KIFSB, KIF1B; Mouse; fly Microtubules/ Mitochondrial aggregation near Kinesin homolog (32-34)
KLP67A mitochondrial nucleus
surface
Drp1; Dnm1p Human; yeast Cytoplasm Mitochondrial aggregation, Dynamin-related protein (15, 16)
reduced lateral distribution
and/or branching
CluA; Clulp Slime mold; Cytoplasm Mitochondrial aggregation, Coiled-coil domain (48, 49)
yeast reduced lateral distribution containing protein
and/or branching
Mdm1p Yeast Cytoplasm Defective mitochondrial Intermediate filament-like (59, 60)
transmission to buds; protein
fragmentation of tubules
Mdm20p Yeast Cytoplasm Defective mitochondrial Coiled-coil domain (62)
transmission to buds containing protein
Mdm14p Yeast Cytoplasm Defective mitochondrial Coiled-coil domain (67)
transmission to buds; containing protein
mitochondrial aggregation
Rsp5p Yeast Cytoplasm Defective mitochondrial Ubiquitin-protein ligase (69)
transmission to buds;
mitochondrial aggregation
Mdm10p Yeast; fungus Mitochondrial outer Defective mitochondrial Integral membrane (20, 63)
membrane transmission to buds; giant protein
spherical mitochondria
Mmm1p Yeast Mitochondrial outer Defective mitochondrial Integral membrane (64)
membrane transmission to buds; giant protein
spherical mitochondria
Mdm12p Yeast Mitochondrial outer Defective mitochondrial Integral membrane (79)
membrane transmission to buds; giant protein
spherical mitochondria
Mgm1p Yeast Mitochondrial outer Defective mitochondrial Integral membrane (67, 66, 67)
membrane transmission to buds; protein; dynamin-
mitochondrial aggregation related protein
Fuzzy onions, Fly; yeast Mitochondrial outer Aberrant mitochondrial fusion; Integral membrane (17, 52, 53)
Fzolp membrane fragmentation of tubules protein; GTPase
www.sciencemag.org SCIENCE VOL 283 5 MARCH 1999
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codes a large membrane-bound GTP-binding
protein that localizes to mitochondria and is
expressed in the developing spermatids spe-
cifically at the onset of mitochondrial fusion.
The fuzzy onions gene is highly conserved,
and homologs are expressed in a variety of
mammalian tissues, suggesting a general role
for the protein in mitochondrial fusion.

New insights into the function of the fuzzy
onions protein have emerged from studies of
the yeast homolog, Fzolp (52, 53). Mutations
in Fzolp caused fragmentation of mitochon-
drial tubules and eventual loss of mitochon-
drial DNA. Mitochondrial fusion, which nor-
mally follows the mating of two yeast cells,
did not occur when Fzolp was defective or
absent, providing direct evidence of a role for
the protein in the fusion process (53). Con-
sistent with such a role, Fzolp was localized
to the mitochondrial outer membrane, with
the bulk of its structure (including the con-
served GTP-binding site) exposed to the cy-
tosol. Fzolp was further shown to be part of
a high-molecular weight complex that may
comprise a multiprotein fusion machinery lo-
calized on the mitochondrial surface (52).

The biochemical events underlying mito-
chondrial fusion remain to be uncovered. This
process may well be more complex than vesic-
ular fusion in the endocytotic or secretory path-
ways because mitochondrial fusion requires
joining of both outer and inner membranes in a
regulated manner that maintains the integrity of
the distinct mitochondrial compartments. The
fuzzy onions protein might initiate interaction
between outer membranes of adjacent mito-
chondrial tubules, facilitate changes in the
membrane lipid bilayers, or regulate additional
components of the fusion machinery. One can-
didate component of this machinery is the Don
Juan protein, another Drosophila factor re-
quired for spermatogenesis and associated with
mitochondria (54).

Mitochondrial Inheritance Mutants

In contrast to animal cells, the yeast S. cer-
evisiae proliferates by a budding process in
which a mother cell produces a daughter bud
that grows larger and eventually becomes an
independent cell. An essential feature of this
mode of growth is the vectorial transport of
mitochondria and other organelles into the
developing bud (55) (Fig. 2). The analysis of
yeast mutants defective in this transport pro-
cess has led to the identification of proteins
that facilitate mitochondrial inheritance; in at
least some cases, homologous proteins ap-
pear likely to mediate mitochondrial behavior
in diverse eukaryotic cells.

The first mutants affecting mitochondrial
inheritance were isolated by microscopically
screening collections of temperature-sensitive
strains for cells that failed to transport mito-
chondria into daughter buds (/3). In addition to
conditional defects in mitochondrial inheri-

tance, many of the mutant cells displayed aber-
rant mitochondrial shape, and the mutants were
named mdm for mitochondrial distribution and
morphology. Although other yeast mutants that
lose mitochondrial DNA and become respira-
tion-deficient still retain mitochondrial com-
partments and remain viable (56), buds of mdm
mutants devoid of mitochondria never became
viable cells, reflecting the essential requirement
for mitochondria even in a facultative anaerobe
like S. cerevisiae.

The mitochondrial inheritance components
identified to date (45, 57) fall into two broad
categories: cytosolic proteins likely to be asso-
ciated with the cytoskeleton, and integral pro-
teins of the mitochondrial outer membrane.
Mdmp, which belongs to the cytosolic class, is
essential for both mitochondrial and nuclear
inheritance (/3), but it appears to play distinct
roles in these two processes, because mutant
forms of Mdm1p have been isolated that affect
only one process (58). Mutations in mdml af-
fecting mitochondrial inheritance also cause
fragmentation of mitochondrial tubules, result-
ing in small, round mitochondria that otherwise
resemble wild type. Other cellular processes
including secretion, vacuole distribution,
mitochondrial protein import, and functions
of the actin and tubulin cytoskeletons are
unaffected by mdmI mutations. Mdmlp as-
sembles in vitro into 10-nm-diameter fila-
ments closely resembling IFs in animal
cells (59). In yeast cells, Mdmlp localizes
to punctate structures throughout the cyto-
plasm, and under conditions leading to the
disassembly of these structures, mitochon-
drial transmission to buds is defective (60).
Mdmlp appears to function as a component
of a novel cytoskeleton-like system that
mediates mitochondrial and also nuclear
inheritance.

Mdm14p and Mdm?20p are two additional
cytoplasmic components that may function in
concert with Mdm1p. Mutations in the corre-
sponding genes affect mitochondrial inheri-
tance, and the mdml4 mutant also displays
defects in nuclear transmission (61, 62).
Mdm20p is also important for the stability or
organization of the actin cytoskeleton (62),
although it is unclear how this function is
related to mitochondrial distribution. Neither
Mdml4p nor Mdm20p contains obvious
functional motifs or active sites, but both
have putative coiled-coil domains that are
essential for their activity in mitochondrial
inheritance.

Proteins belonging to the second class of
inheritance components have been identified
through analysis of mdm10, mmm1, and mdmi2
mutants (19, 63, 64). Cells bearing any of these
three distinct mutations have giant, round mi-
tochondria that retain classical ultrastructural
features including double membranes and inner
membrane cristae and remain partially compe-
tent for respiration, but are defective for divi-

sion and inheritance by daughter buds.
Mdm10p, Mmmlp, and Mdm12p are integral
proteins of the mitochondrial outer membrane;
Mdm10p and Mmm1p both have large domains
that project into the cytoplasm. Depletion of
these proteins converts the tubular mitochondri-
al reticulum into giant spherical organelles in a
reversible manner. Mdml10p, Mmmlp, and
Mdm12p are likely to act at the same step,
because cells harboring mutations in two or
three of the genes display phenotypes identical
to those of the single mutants. Additionally,
mutations in MDM10, MMM1, or MDM12 (or
any combination) are suppressed by a mutant
form of a cytoplasmic protein, Sotlp (19, 65).
Although the underlying molecular details re-
main to be described, this suppression illus-
trates the critical interplay of membrane and
cytosolic components in determining mitochon-
drial morphology and distribution.

Analysis of another mutant, mdml7, has
uncovered a role for a second dynamin family
protein present on the mitochondrial surface
(61, 66). In mdm17 cells, mitochondria aggre-
gate and are not transported to buds. The mu-
tation resides in MGMI, a gene encoding a
dynamin-like protein previously shown to be
required for maintenance of mitochondrial
DNA and normal mitochondrial morphology
(67). Mgmlp is an integral protein of the mito-
chondrial outer membrane, the bulk of which,
including the essential GTP-binding site, is ex-
posed to the cytosol. Mgmlp, together with the
outer membrane proteins Mdm10p, Mmmlp,
and Mdm12p, may function as an anchor point
or “handle” for attachment of mitochondria to
the cytoskeleton or to as-yet-unidentified mo-
lecular motors. Alternatively, these proteins
may catalyze alterations in physical properties
of the outer membrane that underlie changes in
morphology and distribution.

The four outer membrane proteins associ-
ated with mitochondrial inheritance are evo-
lutionarily conserved. Homologs have been

Fig. 2. Mitochondrial network in the budding
yeast S. cerevisiae. Wild-type yeast cells were
engineered to express green fluorescent protein
fused to a mitochondrial targeting sequence
(the NH,-terminal 22 residues of cytochrome
oxidase subunit 4) and were visualized by flu-
orescence microscopy. Pseudocolor was added
to the digitized image. Arrows show the bud-
ding daughter cells. The neck connecting the
mother cell on the right with its bud is not
apparent in this optical section. Scale: 1 cm =
3 pm.
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identified in S. pombe (45, 68), and a ho-
molog of Mdm10p was found in the filamen-
tous fungus Podospora anserina (20).
Mdm10p in P. anserina and Mdm12p in S.
pombe have been linked to mitochondrial
distribution and morphology (79, 20), and it
is likely that each of the four proteins plays a
conserved role in a variety of organisms.

Mitochondrial behavior is likely to be high-
ly regulated. A potential regulatory mechanism
was revealed by analysis of a genetic suppres-
sor that corrects inheritance defects caused by a
specific mutation in mdm1 (69). The suppressor
gene encodes Rsp5p, a ubiquitin-protein ligase
that modifies target proteins, leading to their
degradation or altered function (70). Cells har-
boring only the suppressor (mutant) form of
RSPS5 have striking defects in mitochondrial
distribution including empty daughter buds. In
addition, expression of a mutant form of ubig-
uitin causes aberrant mitochondrial distribution
and morphology. Protein phosphorylation may
also regulate mitochondrial inheritance, as mi-
tochondrial transmission to yeast buds is de-
layed by mutations in the gene encoding serine-
threonine phosphatase Ptclp (71).

Microtubules play no role in mitochondri-
al distribution in,S. cerevisiae (72). However,
in S. Pombe, mitochondria colocalize with
cytoplasmic microtubules, and conditional
mutations in tubulin genes cause dramatic
alterations in mitochondrial distribution (/8).
This distinction contrasts with the conserva-
tion of outer membrane inheritance compo-
nents (Mdm10p, Mmmlp, Mdm12p, and
Mgmlp) and suggests that conserved struc-
tures on the mitochondrial surface might be
adapted for interaction with different cy-
toskeletal networks. Alternatively, these out-
er membrane proteins might maintain mito-
chondrial morphology by mechanisms other
than interaction with cytoplasmic or cytoskel-
etal components.

Prospects

The mitochondrial outer membrane is the fron-
tier between the mitochondrion and the rest of
the cell, and molecular activities at this bound-
ary largely determine mitochondrial behavior.
Studies in both animal cells and unicellular
eukaryotes support a model in which mitochon-
drial morphology and distribution depend on
the regulated interaction of the mitochondrial
outer membrane with the cytosol and, in partic-
ular, with cytoskeletal components. Such inter-
actions could serve to direct mitochondrial
movement, transport mitochondria to regions of
cell growth or areas of greatest metabolic need,
pull mitochondria into tubular morphologies,
and maintain mitochondrial position in the cy-
toplasm during cellular movement and func-
tion. These functions may depend on the activ-
ity of molecular motors that move membranes
along cytoskeletal tracks. Alternatively, mito-
chondrial dynamics may involve a sequential

binding and release between mitochondrial sur-
face components and a cytoskeletal scaffolding,
leading to a “crawling” movement of a mito-
chondrial tubule. Both of these mechanisms
would depend on a cadre of outer membrane
proteins that regulate physical properties of the
outer membrane and mediate an association of
the mitochondrial surface with molecular mo-
tors or the cytoskeleton. Some of the molecular
components that facilitate mitochondrial inher-
itance and determine mitochondrial morpholo-
gy have now been characterized (Table 1), but
additional components remain to be identified.
An even greater challenge for future investiga-
tions is to determine how the machinery of
mitochondrial behavior is regulated during
growth and development to respond to cellular
metabolic needs and to ensure mitochondrial
continuity for future generations of eukaryotic
cells.
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