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Mitochondria are dynamic structures that divide and fuse
continually throughout the life of a cell. Mitochondrial di-
vision is needed to maintain a full complement of mito-
chondria when cells divide, but also when they differenti-
ate, increase in size or respond to changes in their
environment. Despite a huge body of literature on many
aspects of mitochondrial function, very little is known
about the mechanisms that control mitochondrial division.
This issue contains four papers describing novel proteins
that contribute to mitochondrial morphology. Before dis-
cussing those new proteins, a short introduction to what
was already known about the mechanisms of mitochon-
drial division is in order.

 

How Does the Mitochondrial Outer
Membrane Divide?

 

Last year, it was discovered that a dynamin-related pro-

 

tein, called Dnm1 in yeast

 

,

 

 and the homologous protein
from 

 

C. elegans

 

, called DRP-1, contribute to a late stage in
the mitochondrial division process (Bleazard et al., 1999;
Labrousse et al., 1999; Sesaki and Jensen, 1999). Several
lines of evidence support this conclusion. Mutations in
yeast Dnm1 and 

 

C. elegan

 

s DRP-1 block mitochondrial di-
vision. The defect in mitochondrial division causes a shift
in the balance between fission and fusion, resulting in a
network of interconnected mitochondria (Bleazard et al.,
1999; Sesaki and Jensen, 1999). Severing of the mitochon-
drial inner membrane can still occur in 

 

Caenorhabditis ele-
gans

 

, even when severing of the mitochondrial outer mem-
brane is blocked, indicating that DRP-1 acts on the outer
membrane (Labrousse et al., 1999). Conversely, the over-
expression of wild-type DRP-1 in 

 

C. elegans

 

 causes an in-
crease in the rate of mitochondrial division (Labrousse et
al., 1999). Immunoelectron microscopy shows that yeast
Dnm1 colocalizes with constrictions in mitochondria
(Bleazard et al., 1999) and time-lapse photography shows
that 

 

C. elegans

 

 DRP-1 is localized in spots on mitochon-
dria where division actually occurs (Labrousse et al.,
1999). The appearance of DRP-1 spots before division and

their disappearance after division suggests that DRP-1 cy-
cles on and off of mitochondria, similar to the cycling of
dynamin between cytosol and the plasma membrane (La-
brousse et al., 1999). Therefore, it is likely that Dnm1 and
DRP-1 are required to sever the mitochondrial outer
membrane in yeast and 

 

C. elegans

 

,

 

 

 

respectively.

 

The function of Drp1 in mammalian cells is still not set-
tled. It has been hypothesized that mammalian Drp1, also
known as Dlp1, Dvlp1, or Dymple, might mediate vesicle
formation, similar to the role of genuine dynamins in the
scission of clathrin-coated vesicles (Pitts et al., 1999). How-
ever, mutations in mammalian Drp1 specifically affect mi-
tochondrial morphology without affecting the secretory or
endocytic pathways (Smirnova et al., 1998). The affected
mitochondria form perinuclear clumps, masking a possible
defect in mitochondrial division. The latest evidence shows
that mitochondria in these clumps are much more inter-
connected than in wild-type cells, consistent with a defect
in mitochondrial division (Smirnova, E., and A.M. van der
Bliek, unpublished observations). It is therefore likely that
the role of Dnm1/Drp1 is conserved throughout evolution.
Analogy to the role of genuine dynamins in the final stages
of vesicle formation suggests that Dnm1/Drp1 contributes
to mitochondrial division by wrapping around constricted
parts of mitochondria where it helps to sever the mito-
chondrial outer membrane.

 

Novel Factors Contributing to Mitochondrial 
Outer Membrane Division

 

Three of the papers in this issue describe novel factors that
may interact with yeast Dnm1 to help mediate scission of
the mitochondrial outer membrane (Fekkes et al., 2000;
Mozdy et al., 2000; Tieu and Nunnari, 2000). These fission
genes were isolated as suppressors of defects in mitochon-
drial fusion. Defects in mitochondrial fusion shift the bal-
ance between fission and fusion, causing the mitochondria
to become overly fragmented (Bleazard et al., 1999; Sesaki
and Jensen, 1999). Defective fusion results in loss of mito-
chondria, because the overly fragmented mitochondria fail
to segregate properly. The loss of mitochondria can be
prevented by balancing the fusion defect with the block in
mitochondrial division caused by mutations in Dnm1.
Based on this precedent, Tieu and Nunnari (2000) and
Mozdy et al. (2000) looked independently for suppressors
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of Fzo1 mutants, which affect mitochondrial fusion.
Fekkes et al. (2000) isolated their mutants as suppressors
of an Mgm1 mutant, which also induces mitochondrial
fragmentation. The newly identified second site suppres-
sors completely reverse the excessive fragmentation of mi-
tochondria caused by mutations in Mgm1 or Fzo1, result-
ing in the formation of closed nets of interconnected
mitochondria (Fekkes et al., 2000; Mozdy et al., 2000; Tieu
and Nunnari, 2000). These closed nets are indicative of a
strong defect in mitochondrial division. The three groups
identified mutations in overlapping sets of genes. Each
group identified additional mutations in Dnm1. In addi-
tion, however, several new genes were identified as mu-
tants, and two of those genes were characterized in detail.
More components of the division machinery may follow
from similar genetic screening strategies.

The first of the two new genes encodes a cytosolic pro-
tein with a coiled coil domain and seven WD repeats. The
three groups called this protein Mdv1 (for mitochondrial
division), Fis2 (for fission), and Gag3 (for glycerol adapted
growth) (Fekkes et al., 2000; Mozdy et al., 2000; Tieu and
Nunnari, 2000). The coiled coil domain of Mdv1/Fis2/Gag3
may be required for dimerization, whereas the WD repeat
presumably forms a beta propeller structure, which could
bind to other proteins. Mdv1/Fis2/Gag3 can bind to Dnm1
in the yeast two-hybrid system, but binding is too weak to
detect by immunoprecipitation. Mdv1/Fis2/Gag3 does,
however, colocalize with Dnm1 in spots on mitochondria,
suggesting that the binding interactions are physiologically

 

relevant (Fekkes et al., 2000; Tieu and Nunnari, 2000).
Colocalization of Mdv1/Fis2/Gag3 and Dnm1, their ability
to bind to each other, and their similar mutant phenotypes
indicate that these two proteins are part of the same mito-
chondrial division apparatus. Deletion of Mdv1/Fis2/Gag3
had no obvious effect on the localization of Dnm1, but de-
letion of Dnm1 caused Mdv1/Fis2/Gag3 to redistribute
evenly along the mitochondria (Fekkes et al., 2000; Tieu
and Nunnari, 2000). Thus, it would appear that Dnm1
forms the backbone of the complex. Mdv1/Fis2/Gag3 is still
localized to mitochondria without Dnm1, but Dnm1 is
needed for assembly into the division complex.

The second gene encodes a transmembrane protein that
is inserted in the mitochondrial outer membrane. This pro-
tein was identified by two groups and was called Fis1 or
Mdv2 (Mozdy et al., 2000; Tieu and Nunnari, 2000). A
large part of Fis1/Mdv2 is facing the cytosol where it could
conceivably interact with cytosolic proteins such as Dnm1
and Mdv1/Fis2/Gag3 (Mozdy et al., 2000). This interaction
could be transient, because the Fis1/Mdv2 protein is
evenly distributed along the surface of the mitochondria,
unlike Dnm1 and Mdv1/Fis2/Gag3, which are concen-
trated in spots where division is about to occur. Also, there
is no evidence that Fis1/Mdv2 can bind to Mdv1/Fis2/Gag3
or Dnm1 (Mozdy et al., 2000). Therefore, it is unlikely that
Fis1/Mdv2 is incorporated in a stable complex with Dnm1.
Mitochondrial division is, nevertheless, impaired by muta-
tions in Fis1/Mdv2. The effects are similar to the effects of
mutations in Dnm1 and Mdv1/Fis2/Gag3. Moreover, mu-
tations in Fis1/Mdv2 cause most of the Dnm1 and Mdv1/
Fis2/Gag3 proteins to remain cytosolic (Mozdy et al.,
2000). What still goes to mitochondria is localized in a few
spots that fail to divide. The persistence of these few spots
suggests that Fis1/Mdv2 is not the only determinant for
mitochondrial localization, although it does make a major
contribution. Thus, Fis1/Mdv2 is required for the assembly
of a productive mitochondrial division apparatus, but it is
not necessarily incorporated into that apparatus.

How might these two new components of the mitochon-
drial division apparatus cooperate with Dnm1? The Mdv1/
Fis2/Gag3 protein could form a link between Dnm1 and
other components of the division apparatus, since it has
seven WD repeats, which most likely form a protein inter-
action domain. This raises the question whether the mito-
chondrial division apparatus has even more components
awaiting discovery. The formation of clathrin coated vesi-
cles could serve as a guide, since the usage of dynamin-
related proteins during severing of vesicles at the plasma
membrane and during division of the mitochondrial outer
membrane suggests a common evolutionary origin. It is
not difficult to imagine that the first endosymbiotic bacte-
ria used dynamin of the host cell during entry at the
plasma membrane and used it again during division of its
outer membrane, before eventually giving rise to modern
day mitochondria (Fig. 1). Other components of the en-
docytic machinery might have also been coopted by the
mitochondrial division apparatus. Therefore, it would not
be surprising if Mdv1/Fis2/Gag3 and Dnm1/Drp1 were
part of a larger mitochondrial division apparatus.

The mutant phenotype of Fis1/Mdv2 clearly shows that
this protein is required for mitochondrial division, but the
distribution along mitochondria and apparent lack of
binding to other division proteins suggests that this protein

Figure 1. Possible evolutionary origins of the mitochondrial inner
and outer membrane division machineries.



 

van der Bliek 

 

A Mitochondrial Division Apparatus Takes Shape

 

F3

 

is not a stable part of the mitochondrial division apparatus.
One could envision two different functions that are not
mutually exclusive (Mozdy et al., 2000). The mislocaliza-
tion of a large fraction of Dnm1 and Mdv1/Fis2/Gag3 in a
Fis1/Mdv2 mutant suggests that Fis1/Mdv2 could serve as
a recruitment site for the constituents of the mitochondrial
division apparatus (Fig. 2). Once associated with mito-
chondria, the components of the division apparatus could
find the division complex more quickly by lateral diffusion
along the surface of the mitochondrial outer membrane.
The association with Fis1/Mdv2 would then be transient,
as suggested by the lack of in vitro binding. The second
possible function of Fis1/Mdv2 is signaling from within mi-
tochondria to the mitochondrial surface, thus triggering
the division process. A signaling function would also not
necessarily require a concentration of all Fis1/Mdv2 mole-
cules in or near the place of division. Only the activated
Fis1/Mdv2 molecules would be near the site of division,
whereas inactive molecules could be spread evenly along
the surface of mitochondria. Other scenarios are also pos-
sible, as time and more experiments will tell.

 

The Mitochondrial Inner Membrane and 
Possible Functions of Mgm1

 

The mitochondrial inner membrane may well be one of the
last frontiers in molecular membrane biology. The mor-
phology of this membrane is difficult to study except by
EM. As a consequence, very little is known about the dy-
namic responses that the mitochondrial inner membrane
might have towards changes in the cellular environment.
The many different shapes that cristae can attain does sug-
gest that these structures are dynamic (Ghadially, 1997).
However, the mechanisms controlling cristae morphology
are unknown. We also know very little about division of
the mitochondrial inner membrane. In most cells, division
of the inner membrane appears to be tightly coordinated
with division of the mitochondrial outer membrane. There
are, however, instances, especially in cells with rapidly di-
viding mitochondria, where division of the inner mem-
brane occurs without division of the outer membrane
(Tandler et al., 1969). The matrix compartment becomes
divided by septae, which can only be seen by EM. A differ-
ence between inner and outer membrane divisions was
also detected in 

 

C. elegans

 

 muscle cells with mutant DRP-1.
In this case, division of the mitochondrial inner membrane
can still occur when division of the outer membrane is

 

blocked (Labrousse et al., 1999). These observations indi-
cate that animal mitochondria possess a separate inner
membrane division mechanism, which usually, but not al-
ways, acts in concert with the external Drp1 complex.

How does the mitochondrial inner membrane divide?
Proteins that act on the mitochondrial inner membrane are
likely to be of bacterial descent, as this entire compartment
originated from a bacterium. The bacterial division appa-
ratus is well characterized. Most bacteria divide using a
protein complex built around a ring of 

 

ftsZ

 

 proteins (Roth-
field et al., 1999). The ftsZ ring adheres to the inside of the
bacterial membrane and constricts to form a preseptal in-
growth, which then invaginates further to mediate division.
Chloroplasts use ftsZ homologues for division (Oster-
young, 2000), and it was recently discovered that mito-
chondria from the algal species 

 

Mallomonas splendens

 

 also
use an 

 

ftsZ

 

 homologue (Beech et al., 2000). Unfortunately,
the complete sequences of 

 

C. elegans

 

, 

 

Drosophila melano-
gaster

 

,

 

 

 

and yeast do not contain an obvious homologue of

 

ftsZ

 

, suggesting that other proteins have replaced 

 

ftsZ

 

 in
these other eukaryotic species (Erickson, 2000).

The possibility existed that another member of the dy-
namin family, called Mgm1, is responsible for mitochon-
drial inner membrane division. However, this notion is dis-
pelled by the results of Wong et al. (2000), presented in
this issue. They show that mutations in Mgm1 have the op-
posite effect, inducing excessive fragmentation instead of a
block in division. Interestingly, Mgm1 is more closely re-
lated to bacterial dynamin-like proteins than to dynamin
or Drp1, suggesting that this protein has followed a differ-
ent evolutionary path (van der Bliek, 1999). Mgm1 might
have been introduced into eukaryotic cells by the 

 

a

 

-pro-
teobacterial progenitor of mitochondria. Unlike other
members of the dynamin family, Mgm1 has a mitochon-
drial targeting sequence. However, the precise localization
of Mgm1 is a matter of debate. One group previously sug-
gested that the active form of Mgm1 is an integral protein
of the outer membrane (Shepard and Yaffe, 1999). A sec-
ond group suggested that Mgm1 is imported into the mito-
chondrial matrix (Pelloquin et al., 1999) and in this issue
Wong et al. (2000) present compelling evidence that
Mgm1 is in the mitochondrial intermembrane space. It will
be interesting to see how this issue resolves in the future,
because knowing the localization of Mgm1 is essential for
a full understanding of the function of Mgm1. Meanwhile,
much can be learned from the mutant phenotypes in yeast.

The Mgm1 gene was first discovered in yeast and named
Mgm1 to indicate that Mgm1 mutants have a defect in mi-

Figure 2. Model for the func-
tions of Fis1/Mdv2 and Mdv1/
Fis2/Gag3 based on their sub-
cellular localizations and mu-
tant phenotypes. In step 1,
Fis1/Mdv2 recruits Dnm1 to
the surface of the mitochon-
drion. In step 2, Mdv1/Fis2/
Gag3 is added to the complex.
In step 3, the mitochondrial
division apparatus, consisting
of Dnm1, Mdv1/Fis2/Gag3,
and possibly other compo-
nents, help constrict the mito-
chondrial outer membrane.
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tochondrial genome maintenance (Jones and Fangman,
1992). Mutant Mgm1 also affects mitochondrial morphol-
ogy (Shepard and Yaffe, 1999). The mitochondria form
large aggregates in some cells and become excessively frag-
mented in others (Fekkes et al., 2000; Wong et al., 2000).
Conditional mutations showed that loss of mitochondrial
DNA occurs at a later stage than changes in mitochondrial
morphology (Shepard and Yaffe, 1999). Therefore, it
would appear that Mgm1 has a morphological function.
Subsequent loss of mitochondrial DNA might be a second-
ary consequence of impaired mitochondrial segregation
between daughter cells. The fragmentation phenotype indi-
cates that mitochondrial division is not impaired by mutant
Mgm1. However, mitochondrial fusion is also still possible,
as Wong et al. (2000) showed elegantly with double mutant
analyses. If not fission or fusion, then what is the function
of Mgm1? It is possible that Mgm1 affects some other as-
pect of mitochondrial morphology, such as the shape of
cristae, but more experiments will be needed to tell.

Many new questions have been raised and some old
questions still remain. What is the precise function of
Mgm1? Are there other bacterially derived proteins that
control the morphology of the mitochondrial inner mem-
brane? Does Fis1/Mdv2 couple the inner and outer mem-
branes during mitochondrial division? What else does
Mdv1/Fis2/Gag3 bind to? Luckily for us mitochondria en-
thusiasts, there is still plenty of work to do.
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