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Abstract. 

 

Yeast Dnm1p is a soluble, dynamin-related
GTPase that assembles on the outer mitochondrial
membrane at sites where organelle division occurs. Al-
though these Dnm1p-containing complexes are thought
to trigger constriction and fission, little is known about
their composition and assembly, and molecules re-
quired for their membrane recruitment have not been
isolated. Using a genetic approach, we identified two

 

new genes in the fission pathway, 

 

FIS1

 

 and 

 

FIS2

 

. 

 

FIS1

 

encodes a novel, outer mitochondrial membrane pro-
tein with its amino terminus exposed to the cytoplasm.
Fis1p is the first integral membrane protein shown to
participate in a eukaryotic membrane fission event. In a
related study (Tieu, Q., and J. Nunnari. 2000. 

 

J. Cell

Biol.

 

 151:353–365), it was shown that the 

 

FIS2

 

 gene
product (called Mdv1p) colocalizes with Dnm1p on mi-
tochondria. Genetic and morphological evidence indi-
cate that Fis1p, but not Mdv1p, function is required for
the proper assembly and distribution of Dnm1p-con-
taining fission complexes on mitochondrial tubules. We
propose that mitochondrial fission in yeast is a multi-
step process, and that membrane-bound Fis1p is re-
quired for the proper assembly, membrane distribution,
and function of Dnm1p-containing complexes during
fission.
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Introduction

 

Maintenance of the tubular mitochondrial reticulum in
budding yeast requires opposing fission and fusion events
that regulate organelle copy number and morphology
(Hoffman and Avers, 1973; Stevens, 1977; Nunnari et al.,
1997). Time-lapse studies showed that these mitochondrial
fusion and fission events occur at equal rates, with one
event taking place on average every 2 min (Nunnari et al.,
1997). The fusion reaction always occurs between the tips
of two mitochondrial tubules or between a tip and the side
of another mitochondrial tubule. In contrast, mitochon-
drial fission appears to initiate within a tubule, creating
new mitochondrial tips.

 

In 

 

Saccharomyces cerevisiae

 

, two evolutionarily con-
served GTPases act on the outer mitochondrial membrane
to regulate opposing fission and fusion reactions (Fig. 1)
(Hales and Fuller, 1997; Hermann and Shaw, 1998; Otsuga
et al., 1998; Bleazard et al., 1999; Labrousse et al., 1999;
Sesaki and Jensen, 1999). Fission is regulated by the dy-
namin-related GTPase Dnm1p, which assembles on mito-
chondrial tubules at sites of future division (Otsuga et al.,
1998; Bleazard et al., 1999; Sesaki and Jensen, 1999). 

 

dnm1

 

mutations block mitochondrial fission and lead to forma-
tion of interconnected nets due to ongoing tip fusion (Fig.

1, left). This net formation does not affect mitochondrial
function, mitochondrial DNA (mtDNA) maintenance, or
mitochondrial transport into buds during division (Otsuga
et al., 1998; Bleazard et al., 1999). Conversely, fusion is
regulated by the Fzo1p transmembrane GTPase (Her-
mann et al., 1998; Rapaport et al., 1998). In 

 

fzo1

 

 mutant
strains, mitochondrial fusion is blocked and tubules frag-
ment due to unopposed mitochondrial fission (Fig. 1,
right). As a secondary consequence of this fragmentation,
mtDNA is lost and the resulting respiratory-deficient 

 

fzo1

 

cells fail to grow on the nonfermentable carbon source
glycerol (Hermann et al., 1998).

 

In a previous study (Bleazard et al., 1999), we showed that

 

dnm1 

 

mutations prevent mitochondrial fission, fragmenta-

 

tion, and mtDNA loss at 37

 

8

 

C in a conditional 

 

fzo1-1

 

 mu-
tant. To identify new genes required for fission, we selected
for mutations that, like 

 

dnm1

 

, blocked mitochondrial frag-
mentation and restored glycerol growth in 

 

fzo1-1

 

. Using this
approach, we identified two new genes in the fission path-
way, called 

 

FIS1

 

 and 

 

FIS2

 

 (

 

FIS

 

,

 

 

 

fission). Here we show that

 

FIS1

 

 encodes an outer mitochondrial membrane protein re-
quired for the proper assembly and function of Dnm1p-con-
taining fission complexes. In a related study, it was reported
that the 

 

FIS2

 

 gene product (named Mdv1p for mitochon-
drial division) forms a complex with Dnm1p on the outer
mitochondrial membrane (Tieu and Nunnari, 2000). We
propose that mitochondrial fission in yeast is a multi-step
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process, and that membrane-bound Fis1p is directly in-
volved in the assembly, membrane distribution, and func-
tion of Dnm1p-containing complexes during fission. Fis1p
defines a novel protein family in eukaryotes and is the first
integral membrane protein known to play a role in a mem-
brane fission event regulated by a dynamin-like GTPase.

 

Materials and Methods

 

Strain and Plasmid Construction

 

Table I lists the strains used in this study. All strains are derivatives of the
FY10 strain (Winston et al., 1995). Standard genetic methods were used to
grow, transform, and manipulate yeast (Sherman et al., 1986; Guthrie and
Fink, 1991) and bacterial (Maniatis et al., 1982) strains. All mutations, dis-
ruptions, tag insertions, and replacements were confirmed by PCR, DNA
sequencing, and, where appropriate, Western blotting. The sequences of
primers used in this study are available upon request.

For pRS415-

 

MET25

 

 

 

1

 

 9xMYC-

 

FIS1 

 

(Myc-Fis1p), a 

 

FIS1

 

 PCR frag-
ment flanked by HindIII/XhoI sites was cloned into pRS415-

 

MET25

 

1

 

9xMYC (J. Thatcher and J.M. Shaw, manuscript in preparation). For
pRS415-

 

MET25

 

 

 

1

 

 rsGFP-

 

FIS1

 

aa1-155

 

 (GFP-Fis1p), an XbaI/HindIII digest
was first used to remove 9xMYC from the pRS415-

 

MET25

 

 

 

1

 

 9xMYC-

 

FIS1

 

 plasmid described above. The 9xMyc was then replaced by a red-
shifted green fluorescent protein (GFP)

 

1

 

 variant (rsGFP) PCR amplified
from pQBI25-fc1 (Quantum Biotechnologies Inc.) and flanked by XbaI/
HindIII sites. An ATG initiation codon was engineered into the 5

 

9

 

 primer
used to amplify rsGFP. For pRS416 

 

1

 

 

 

FIS1

 

, a 

 

FIS1

 

 PCR fragment flanked
by XhoI sites was cloned into pRS416. For pGEX-4T-3 

 

1

 

 

 

FIS1

 

aa-1-127

 

, a
PCR fragment encoding amino acids 1–127 of 

 

FIS1

 

 and flanked by BamHI/
XhoI sites was cloned into pGEX-4T-3 (Amersham Pharmacia Biotech) to
generate an in-frame GST-Fis1p fusion. For pRS414 

 

1

 

 

 

DNM1

 

-rsGFP and
pRS416 

 

1

 

 

 

DNM1

 

-rsGFP, first a 

 

DNM1

 

-containing PCR fragment flanked
by SacII/SpeI sites was cloned into the SacII/NheI sites of pQBI25 (Quan-
tum Biotechnologies Inc.), creating pQBI25 

 

1

 

 

 

DNM1

 

-rsGFP. Second, an
XhoI/BamHI fragment containing the 

 

DNM1

 

-rsGFP sequence was cloned
into pRS414 and pRS416. For pRS415-

 

MET25

 

 

 

1

 

 rsGFP-

 

FIS1

 

aa1-127

 

, a
HindIII/XhoI digest was used to remove 

 

FIS1

 

aa1-155

 

 from pRS415-

 

MET25

 

 

 

1

 

rsGFP-

 

FIS1

 

aa1-155

 

, which was then replaced by a HindIII/XhoI fragment
containing 

 

FIS1

 

aa1-127

 

. For pRS416-

 

GAL1

 

 

 

1

 

 

 

PrF

 

0

 

ATP9

 

-RFP (mito-RFP),
a BamHI/XhoI fragment containing RFP (the red fluorescent protein from
the pDsRed vector; CLONTECH Laboratories, Inc.) was cloned into
pRS416-

 

GAL1

 

 

 

1

 

 

 

PrF

 

0

 

ATP9

 

 (J. Thatcher and J.M. Shaw, manuscript in
preparation). For pRS424-

 

ADH1

 

 

 

1

 

 

 

PrF

 

0

 

ATP9

 

-RFP (mito-RFP), a SpeI/

 

XhoI fragment containing 

 

PrF

 

0

 

ATP9

 

-RFP from pRS416-

 

GAL1

 

 

 

1

 

PrF

 

0

 

ATP9

 

-RFP was cloned into pRS424-

 

ADH1

 

.
GFP-Fis1p and Myc-Fis1p were expressed from 

 

CEN

 

 plasmids under
control of the 

 

MET25

 

 promoter. In the presence of methionine, this pro-
moter is leaky and GFP-Fis1p and Myc-Fis1p are expressed at levels
comparable with that of endogenous Fis1p in wild-type cells (verified by
quantitative Western blotting). Under these conditions, GFP-Fis1p and
Myc-Fis1p rescued the mitochondrial morphology defect in the 

 

fis1

 

D

 

 mu-
tant (83 and 55% wild type, respectively).

 

Identification of fis1 and fis2 and Cloning and 
Disruption of FIS1

 

14 spontaneous, second-site suppressors of the 

 

fzo1-1 

 

temperature-sensi-
tive (37

 

8

 

C) glycerol growth defect were isolated in JSY2788 (

 

MATa

 

 

 

ura3-
52 his3

 

D

 

200 leu2

 

D

 

1 trp1

 

D

 

63 fzo1::HIS3 

 

1

 

 pRS414-

 

fzo1-1

 

). Standard ge-
netic methods were used to show that suppression in each case was due to
a single recessive mutation. Complementation and meiotic segregation
analyses revealed that the 14 

 

fzo1-1

 

 suppressors defined three linkage
groups. Seven suppressors comprising one linkage group failed to comple-
ment the 

 

dnm1

 

D

 

 mutation in diploid cells and a 

 

DNM1

 

-containing plas-
mid reversed the 

 

fzo1-1

 

 suppression phenotype of the mutants in this
group. Sequence analysis indicated that these suppressors contained mu-
tant 

 

dnm1

 

 alleles. The remaining seven suppressor strains fell into two
linkage groups (later named 

 

fis1

 

 and 

 

fis2

 

).

 

FIS1

 

 was cloned by complementation of a 

 

fis1

 

 allele (restoration of the

 

fzo1-1 

 

no-growth-on-glycerol-at-37

 

8

 

C phenotype) using a yeast genomic
library in YEP213 (Lagosky et al., 1987). Standard procedures were used
to identify the rescuing open reading frame as YIL065C in the 

 

Saccharo-
myces

 

 Genome Database, which we named 

 

FIS1

 

. The predicted Fis1 pro-
tein sequence was compared with all available databases using the
BLAST and Prosite programs.

A 

 

fis1::HIS3

 

 disruption that precisely replaced the 

 

FIS1

 

 coding region
was generated by gene replacement in a diploid strain as described (Bau-
din et al., 1993). After sporulation and dissection to obtain a haploid 

 

fis1::
HIS3

 

 strain, integrative mapping studies confirmed that the original 

 

fis1

 

mutations were linked to 

 

fis1

 

D

 

::HIS3. Sequence analysis indicated that the

 

fis1

 

 suppressors contained mutations in 

 

FIS1

 

.

 

Quantification of Mitochondrial Morphology and 
Fusion Phenotypes

 

Mitochondrial morphology was scored in wild-type and mutant cells ex-
pressing a mitochondrial-targeted form of GFP (mito-GFP) either from
the plasmid pVT100UGFP (provided by B. Westermann and W. Neupert,
Universitaet Muenchen, Muenchen, Germany) or the plasmid pRS416 

 

1

 

preCox4-GFP (Otsuga et al., 1998). In some cases, mitochondria were la-
beled with a matrix-targeted form of the red fluorescent protein, mito-
RFP (A.D. Mozdy and J.M. Shaw) or MitoTracker Red CMXRos (Mo-
lecular Probes, Inc.). Growth conditions were essentially as described
(Bleazard et al., 1999). DAPI (4

 

9

 

,6-diamidino-2-phenylindole) staining
was used to assess the presence/absence of mtDNA (Pringle et al., 1991).
Mitochondrial fusion was examined essentially as described previously
(Nunnari et al., 1997), except that mito-RFP was used in place of the vital
dye MitoTracker Red CMXRos (Molecular Probes, Inc.). Digital micro-
scopic images of cells were acquired using a Axioplan microscope or a
Confocal microscope (Carl Zeiss, Inc.), as described previously (Hermann
et al., 1998; Otsuga et al., 1998).

 

Subcellular Localization of Fis1p and Dnm1p-GFP

 

To generate polyclonal serum specific for Fis1p, the soluble GST-Fis1p

 

aa1-127

 

fusion protein was expressed in 

 

Escherichia coli

 

 BL21-(DE3) cells from
pGEX-4T-3 

 

1

 

 

 

FIS1

 

aa-1-127

 

 and batch purified on Glutathione Sepharose
4B beads (Amersham Pharmacia Biotech). After separation by SDS-
PAGE, the fusion protein was excised and used to immunize rabbits (Co-
vance Research Products, Inc.).

For the protease protection experiments, a 

 

fis1

 

D

 

 strain (ADM549) ex-
pressing GFP-Fis1p was grown in S-galactose medium lacking leucine to
select for the pRS415-

 

MET25

 

 

 

1

 

 rsGFP-

 

FIS1

 

 plasmid. Differential sedi-
mentation experiments and protease protection experiments were per-
formed using either wild-type cells (ADM548) or the ADM549 strain, as
described previously (Hermann et al., 1998).

To localize Dnm1p in wild-type and mutant strains, Dnm1p-rsGFP ex-
pressed from either pRS414 

 

1

 

 

 

DNM1

 

-rsGFP, pRS416 

 

1

 

 

 

DNM1

 

-rsGFP,
or pHS20 (Sesaki and Jensen, 1999) was localized in strains expressing

 

1

 

Abbreviations used in this paper:

 

 GFP, green fluorescent protein; KDH,
alpha-ketoglutarate dehydrogenase; RFP, red fluorescent protein.

Figure 1. Dnm1p and Fzo1p act in opposing fission and fusion
pathways to maintain the yeast mitochondrial network. Ongoing
fission and fusion events maintain a tubular mitochondrial net-
work in wild-type yeast cells (middle). Loss of the Dnm1p GTP-
ase (dnm1D) leads to net formation due to unopposed mitochon-
drial tip fusion (left); loss of the Fzo1p GTPase (fzo1D) leads to
fragmentation due to unopposed mitochondrial fission (right).
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mito-RFP from pRS416-GAL1 1 PrF0ATP9-RFP to visualize the mito-
chondrial membranes.

Immunoelectron microscopy was performed as described by Rieder et
al. (1996) and Bleazard et al. (1999).

Results

Mutations in FIS1 and FIS2 Suppress mtDNA Loss and 
Glycerol Growth Defects in fzo1-1

To identify yeast genes required for mitochondrial fission,
we selected spontaneous, second-site suppressor mutations
that restored glycerol growth at 378C to fzo1-1 cells. The 14
suppressor strains isolated were recessive in heterozygous
diploids and segregated 2:2 in backcrosses with the fzo1-1
mutant. Complementation analysis revealed that seven of
these strains represented new alleles of the previously
characterized DNM1 gene (Gammie et al., 1995; Otsuga et
al., 1998; Bleazard et al., 1999). The remaining suppressors
defined two new genes, initially designated SFZ1 (four sfz1
alleles) and SFZ2 (three sfz2 alleles), for suppressor of
fzo1-1. As described below, several lines of evidence indi-
cated that SFZ1 and SFZ2 act together with DNM1 to reg-
ulate mitochondrial fission in yeast. Accordingly, we
named them FIS1 and FIS2, respectively.

Like dnm1 mutations, fis1 and fis2 mutations rescued
the fzo1-1 temperature-sensitive mtDNA loss and glycerol
growth defects. Mitochondrial networks in wild-type cells
retained their mtDNA nucleoids (DAPI staining, not
shown) and these cells grew well on medium containing
the nonfermentable carbon source glycerol at both 258 and
378C (Fig. 2 A, WT). In contrast, the fzo1-1 strain failed to
grow on glycerol at 378C where the mitochondrial reticu-
lum fragments and mtDNA is lost (Fig. 2 A, fzo1-1) (Her-
mann et al., 1998). As reported previously, this mtDNA
loss was prevented when mitochondrial fission and frag-
mentation were blocked by introducing a dnm1D mutation

into fzo1-1 (Fig. 2 A, dnm1D fzo1-1) or fzo1D cells (Bleazard
et al., 1999). Although the single fis1 and fis2 mutations
did not affect glycerol growth in an otherwise wild-type
strain (Fig. 2 A, fis1D, fis2-5, both mutations suppressed
the temperature-sensitive glycerol growth defect (Fig. 2 A,
fis1D fzo1-1, fis2-5 fzo1-1) and mtDNA loss defect (not
shown) of fzo1-1. (Note that fis2-5 is truncated after 191 of
714 amino acids and behaves like a null allele.)

Mitochondrial Membranes Form Nets in fis1 and fis2 
Mutant Strains

The morphology of mitochondrial membranes in fis1 and
fis2 mutant strains was consistent with a role for these
genes in fission. As shown previously (Bleazard et al.,
1999), the wild-type mitochondrial reticulum (Fig. 2 C; Ta-
ble II, 100% branched tubules) is converted into an inter-
connected “net” in dnm1 mutant cells due to unopposed tip
fusion (Fig. 2 O; Table II, 67% mitochondrial nets). Analy-
sis of GFP-labeled mitochondria revealed that 85% of fis1
(Fig. 2 G; Table II) and 77% of fis2 (Fig. 2 K; Table II) mu-
tant cells contained mitochondrial nets strikingly like those
in dnm1D. These nets appeared identical when visualized
with matrix-targeted, and inner and outer membrane-tar-
geted forms of the red and green fluorescent proteins, indi-
cating that fission of both the inner and outer membranes
was abolished in these mutants (not shown). Mitochondrial
nets were also observed in all combinations of dnm1, fis1,
and fis2 double and triple mutant strains (Table II and not
shown), suggesting that FIS1 and FIS2 act in the same path-
way as DNM1 to regulate mitochondrial fission.

fis1 and fis2 Mutations Block Mitochondrial Fission 
and Fragmentation in fzo1-1

We previously reported (Bleazard et al., 1999) that dnm1
mutations blocked mitochondrial fission, fragmentation,

Table I. Yeast Strains Used in this Study

Strain Genotype

ADM33 MATa ura3-52 leu2D1 trp1D63 his3D200 DNM1 fzo1::HIS3 FIS1 fis2-5 with pRS416 1 FZO1
ADM176 MATa ura3-52 LEU2 trp1D63 his3D200 DNM1 fzo1-1 FIS1 fis2-5
ADM179 MATa ura3-52 LEU2 trp1D63 his3D200 DNM1 fzo1-1 FIS1 fis2-5
ADM203 MATa ura3-52 leu2D1 TRP1 his3D200 DNM1 fzo1-1 fis1-21 FIS2
ADM378 MATa ura3-52 leu2D1 TRP1 his3D200 dnm1::HIS3 fzo1-1 FIS1 FIS2
ADM379 MATa ura3-52 leu2D1 TRP1 his3D200 dnm1::HIS3 FZO1 FIS1 FIS2
ADM415 MATa ura3-52 TRP1 his3D200 dnm1::HIS3 FZO1 FIS1 FIS2
ADM416 MATa ura3-52 leu2D1 TRP1 his3D200 dnm1::HIS3 fzo1-1 FIS1 FIS2
ADM547 MATa ura3-52 leu2 D 1 TRP1 his3 D 200 DNM1 fzo1-1 FIS1 FIS2
ADM548 MATa ura3-52 LEU2 trp1 D 63 his3 D 200 DNM1 FZO1 FIS1 FIS2
ADM549 MATa ura3-52 leu2 D 1 TRP1 his3 D 200 DNM1 FZO1 fis1::HIS3 FIS2
ADM550 MATa ura3-52 LEU2 trp1 D 63 his3 D 200 DNM1 fzo1-1 fis1::HIS3 FIS2
ADM551 MATa ura3-52 leu2D1 trp1D63 his3D200 DNM1 FZO1 FIS1 FIS2
ADM552 MATa ura3-52 leu2D1 trp1D63 his3D200 DNM1 FZO1 fis1::HIS3 FIS2
ADM554 MATa ura3-52 LEU2 TRP1 his3D200 DNM1 fzo1-1 fis1::HIS3 FIS2
ADM561 MATa ura3-52 LEU2 trp1D63 his3D200 DNM1 FZO1 FIS1 FIS2
ADM562 MATa ura3-52 leu2D1 TRP1 his3D200 DNM1 fzo1-1 FIS1 FIS2
ADM574 MATa ura3-52 leu2D1 trp1D63 his3D200 lys2D-202 DNM1 fzo1::HIS3 fis1::HIS3 FIS2 MGM1
ADM575 MATa ura3-52 leu2D1 TRP1 his3D200 LYS2 DNM1 fzo1::HIS3 FIS1 FIS2 MGM1
ADM742 MATa ura3-52 leu2D1 TRP1 his3D200 DNM1 FZO1 fis1::HIS3 fis2-5
ADM750 MATa ura3-52 leu2D1 TRP1 his3D200 DNM1 fzo1-1 FIS1 fis2-5
ADM752 MATa ura3-52 LEU2 TRP1 his3D200 DNM1 FZO1 FIS1 fis2-5
ADM763 MATa ura3-52 leu2D1 TRP1 his3D200 DNM1 FZO1 fis1::HIS3 FIS2 mgm1::HIS3
ADM764 MATa ura3-52 leu2D1 trp1D63 his3D200 DNM1 FZO1 FIS1 FIS2 mgm1::HIS3
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and mtDNA loss in fzo1-1 cells at 378C (compare fzo1-1 in
Fig. 2 E and dnm1D fzo1-1 in Q; Table II). To determine
whether fis1 and fis2 mutations also prevented mitochon-
drial fragmentation in fzo1-1, we examined mitochondrial
morphology in fis1D fzo1-1 and fis2-5 fzo1-1 strains after a
shift to the nonpermissive temperature. At 258C, 80% of
fis1D fzo1-1 and 44% of fis2-5 fzo1-1 cells contain mito-
chondrial nets similar to those observed in the single fis1D
and fis2-5 mutants at 258, 308, and 378C (Table II). Upon
shifting fis1D fzo1-1 (Fig. 2 I; Table II) and fis2-5 fzo1-1
(Fig. 2 M; Table II) cells to 378C, mitochondrial fragmen-
tation was blocked despite the absence of FZO1 function
and mitochondrial membranes remained net-like. These
results were similar to those observed for the fzo1-1 dnm1
double mutant (Bleazard et al., 1999), and indicated that
loss of Fis1p or Fis2p function in the fis1D fzo1-1 and fis2-5

fzo1-1 double mutants blocked mitochondrial fission and
fragmentation in fzo1-1 cells at the nonpermissive temper-
ature.

Because both fis1D and fis2-5 are null alleles, suppres-
sion of the fzo1-1 mitochondrial fragmentation, mtDNA
loss and glycerol growth phenotypes cannot occur via di-
rect interactions between Fzo1-1p and the FIS1 and FIS2
gene products. Indeed, the genetic interactions described
above did not require expression of the Fzo1-1 protein,
ruling out the possibility that fis1 and fis2 restore an
Fzo1p-dependent fusion pathway. In fzo1D fis1D (Fig. 3,
A, second row, and E) and fzo1D fis2-5 (not shown), dou-
ble mutant strains, the fzo1D glycerol growth defect was
suppressed and mitochondrial membranes remained tubu-
lar, although the tubules sometimes appeared ragged or
frayed (Table II). Interestingly, mitochondrial nets were

Figure 2. fis1 and fis2 mutations cause
mitochondrial net formation and sup-
press glycerol growth defects and mito-
chondrial fragmentation in fzo1-1.
(A) Wild-type (ADM548), fzo1-1
(ADM547), fis1D (ADM549), fis1D
fzo1-1 (ADM550), fis2-5 (ADM752),
fis2-5 fzo1-1 (ADM176), dnm1D
(ADM379), and dnm1D fzo1-1
(ADM378) cells were spotted on YPG-
lycerol and grown at 258 or 378C for
5 d. The presence/absence of mtDNA
nucleoids in each strain was evaluated
by DAPI staining (not shown). (B–Q)
Morphology of mito-GFP–labeled
(pVT100UGFP) mitochondria in (C)
wild-type, (E) fzo1-1, (G) fis1D, (I)
fis1D fzo1-1, (K) fis2-5, (M) fis2-5 fzo1-1,
(O) dnm1D, and (Q) dnm1D fzo1-1
cells grown at 378C. The corresponding
differential interference contrast im-
ages are shown in B, D, F, H, J, L, N,
and P. Bar, 5 mm.
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largely absent when double mutants contained the fzo1D
allele (Table II). This observation indicates that formation
of mitochondrial nets in fis1 and fis2 mutant strains re-
quires FZO1-mediated fusion.

dnm1, fis1 and fis2 Mutations Are General Suppressors 
of Mitochondrial Fragmentation Defects

To determine whether the dnm1, fis1, and fis2 mutations
were specific suppressors of the fzo1 fusion defect or were
general suppressors of mitochondrial fragmentation de-
fects, we examined the effect of dnm1, fis1, and fis2 muta-
tions in an mgm1D mutant (Jones and Fangman, 1992;
Guan et al., 1993; Shepard and Yaffe, 1999). Cells with
mutations in MGM1 have fragmented mitochondrial
membranes (Fig. 3 G), although the mgm1 mutant does
not block FZO1-mediated mitochondrial fusion (Wong et
al., 2000). The results of these studies with the fis1D mu-
tant are shown in Fig. 3 and Table II. As observed for the
fis1 D fzo1 D double mutant, fis1D is able to suppress the
mgm1D mtDNA loss (not shown), glycerol growth defect
(Fig. 3 A, bottom two rows) and mitochondrial fragmenta-
tion defect (Fig. 3 I; Table II) in the fis1D mgm1D double
mutant strain. Similar results were observed for the
mgm1D fis2-5 double mutant strains (not shown) and
mgm1D dnm1D (Gorsich, S., and J.M. Shaw, unpublished
data), consistent with the idea that dnm1, fis1, and fis2 mu-
tations prevent fragmentation of mitochondrial mem-
branes by blocking the fission pathway.

Mutations in fis1 and fis2 Do Not Restore 
Mitochondrial Fusion in fzo1-1 Cells

The observation that fis1 and fis2 mutations block mito-
chondrial fragmentation in fzo1-1 cells is consistent with a

role for Fis1p and Fis2p in mitochondrial fission. How-
ever, similar results could be obtained if mutations in fis1
and fis2 activated an FZO1-independent fusion pathway.
To determine whether fis1 and fis2 mutations restored fu-
sion in fzo1-1, we assayed mitochondrial fusion in zygotes
formed from either fis1D fzo1-1 or fis2-5 fzo1-1 double
mutants. Fusion was assayed essentially as described by
Nunnari et al. (1997) by labeling mitochondria in haploid
cells of opposite mating type with either mito-GFP or
-RFP (instead of MitoTracker Red CMXRos), and then
examining the distribution of the two fluorescent markers
in zygotes formed at the permissive and nonpermissive
temperatures.

Both mito-GFP and -RFP colocalized in 100% of wild-
type zygotes formed at 258 and 378C, indicating that mito-
chondria from each haploid parent had fused and their
contents had mixed (Table III) (Nunnari et al., 1997). Mi-
tochondrial content mixing also occurred efficiently in fis1
X fis1, fis2 X fis2, and dnm1 X dnm1 zygotes formed at
both temperatures, indicating that these three genes are
not required for fusion (Table III). As reported previ-
ously, mitochondrial fusion occurred in fzo1-1 X fzo1-1 zy-
gotes at 258C, but fragmented and failed to fuse at 378C,
consistent with Fzo1p’s role in fusion (Table III) (Her-
mann et al., 1998). Although disruption of FIS1 or FIS2
prevented mitochondrial fragmentation in fzo1-1 zygotes
at the nonpermissive temperature, fusion was not restored
(Table III). These findings are similar to those reported
for DNM1 (Table III) (Bleazard et al., 1999) and indicate
that the maintenance of mitochondrial tubules in fis1D
fzo1-1 and fis2-5 fzo1-1 cells results from a block in mito-
chondrial fission rather than the activation of an FZO1-
independent fusion pathway. Together, the results pre-
sented here indicate that FIS1 and FIS2 act in the same
pathway as DNM1 to regulate mitochondrial fission.

Table II. Mitochondrial-Membrane Morphology in fis1 and fis2 Mutant Cells

Strain 8C
No. cells 
scored

Branched
tubules

Frayed/clumpy
tubules

Collapsed
tubules*

Mitochondrial
nets

Fragmented
mitochondria

% % % % % %

WT 30 300 100
fis1D‡ 30 500 15 85
fis2-5‡ 30 100 1 22 77
dnm1D‡ 30 200 33 67
fis1D fis2-5 30 100 26 74
fis1D dnm1D 30 200 20 80
fis2-5D dnm1D 30 100 6 94
fis1D fis2-5 dnm1D 30 100 33 67
WT 25 100 96 4
WT 37 100 100
fzo1-1 25 100 51 46 3
fzo1-1§ 37 100 24 76
fis1D fzo1-1 25 100 20 80
fis1D fzo1-1§ 37 100 14 86
fis2-5 fzo1-1 25 100 15 41 44
fis2-5 fzo1-1§ 37 100 9 47 41 3
dnm1D fzo1-1 25 100 7 29 64
dnm1D fzo1-1§ 37 100 5 29 66
fzo1D 30 200 3 97
fis1D fzo1D 30 300 24 62 9 3 2
mgm1D 30 100 1 99
fis1D mgm1D 30 100 46 15 38

*Collapsed tubules may contain nets that cannot be resolved microscopically (Otsuga et al., 1998).
‡Mitochondrial-membrane morphology is similar at 258, 308, and 378C.
§Scored mitochondrial morphology in fzo1-1 cells after 30 min at 378C. WT, wild type.
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FIS1 Defines a Novel Gene Family

The FIS1 gene (YIL065C in the Saccharomyces Genome
Database) was cloned by library complementation of the
glycerol growth suppression phenotype in fis1 fzo1-1
strains. A fragment of the rescuing plasmid containing
FIS1/YIL065C also rescued the mitochondrial morphol-
ogy defects in a fis1 mutant strain. Integrative mapping
studies and DNA sequencing were used to show that the
original fis1 mutations were allelic to the YIL065C cloned

open reading frame. FIS1 encodes a novel protein of 155
amino acids with an estimated molecular mass of 17,000 D
(Fig. 4). The only identifiable protein motif in the open
reading frame is a single, predicted, COOH-terminal
transmembrane domain (Fig. 4, TM). A database search
identified Fis1p orthologs in fission yeast, humans, plants,
worms, and flies, suggesting that Fis1p function has been
conserved during evolution (Fig. 4). Whether these
orthologs participate in membrane division events medi-
ated by Dnm1p-like GTPases remains to be seen.

FIS1 Encodes an Integral, Outer Mitochondrial 
Membrane Protein with Its NH2 Terminus Facing
the Cytoplasm

The subcellular localization of Fis1p was investigated by
fluorescence microscopy and cryoimmunoelectron micros-
copy using functional, amino-terminal GFP-tagged (GFP-
Fis1p) and Myc-tagged (Myc-Fis1p) forms of the protein
(see Materials and Methods; GFP-Fis1p and Myc-Fis1p
were expressed at levels comparable with that of endoge-
nous Fis1p in these experiments). When expressed in
yeast, GFP-Fis1p and Myc-Fis1p rescued the mitochon-
drial net morphology defect in fis1D and the glycerol
growth suppression phenotype in the fis1D fzo1-1 double
mutant.

In dividing yeast cells, GFP-Fis1p colocalized com-
pletely with the MitoTracker red CMXRos-labeled mito-
chondrial reticulum (Fig. 5, A–C), indicating that Fis1p is a
mitochondrial protein. The identical Fis1p localization
pattern was observed in dnm1D, fis2-5, and fis2-5 dnm1D
mutants, suggesting that Fis1p’s localization is not deter-
mined or affected by other known components of the fis-
sion machinery (not shown). In addition, the predicted
COOH-terminal transmembrane domain (Fig. 4) was re-
quired for Fis1p’s mitochondrial localization and function.
A GFP-Fis1p fusion protein lacking the transmembrane
domain (GFP-Fis1paa1-127) failed to colocalize with Mi-
toTracker red CMXRos-labeled mitochondria (Fig. 5,
D–F) and did not rescue fis1 mitochondrial morphology
defects or the glycerol growth suppression phenotype in a

Table III. Mitochondrial Fusion in Budded Zygotes

Strains crossed 8C No. Fused Mitochondria

%

FIS1 FIS2 DNM1 FZO1 X 25 35/35 100
FIS1 FIS2 DNM1 FZO1 37 76/76 100
FIS1 FIS2 DNM1 fzo1-1 X 25 24/30 80
FIS1 FIS2 DNM1 fzo1-1 37 0/55 0
fis1D FIS2 DNM1 FZO1 X 25 50/50 100
fis1D FIS2 DNM1 FZO1 37 75/75 100
fis1D FIS2 DNM1 fzo1-1 X 25 40/40 100
fis1D FIS2 DNM1 fzo1-1 37 0/77 0
FIS1 fis2-5 DNM1 FZO1 X 25 29/30 97
FIS1 fis2-5 DNM1 fzo1 X 
with pRS416 1 FZO1*

37 29/30 97

FIS1 fis2-5 DNM1 fzo1-1 X 25 48/50 96
FIS1 fis2-5 DNM1 fzo1-1 37 0/50 0
FIS1 FIS2 dnm1 D FZO1 X 25 40/40 100
FIS1 FIS2 dnm1 D FZO1 37 50/50 100
FIS1 FIS2 dnm1 D fzo1-1 X 25 30/30 100
FIS1 FIS2 dnm1 D fzo1-1 37 0/35 0

*pRS416 1 FZO1 rescues fzo1D mitochondrial defects (Hermann et al., 1998).

Figure 3. fis1D acts as a bypass suppressor of mitochondrial frag-
mentation defects. (A) fzo1D FIS1 MGM1 (ADM575), fzo1D
fis1D MGM1 (ADM574), FZO1 FIS1 mgm1D (ADM764), and
FZO1 fis1D mgm1D (ADM763) strains were spotted on YPDex-
trose or YPGlycerol and grown at 308C for 5 d, respectively.
Morphology of mito-GFP-labeled (pVT100UGFP) mitochondria
in (C) fzo1D FIS1 MGM1, (E) fzo1D fis1D MGM1, (G) FZO1
FIS1 mgm1D, and (I) FZO1 fis1D mgm1D cells grown at 308C.
The corresponding differential interference contrast images are
shown in B, D, F, and H. Bar, 5 mm.
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fis1D fzo1-1 strain (not shown). Carbonate and detergent
extraction studies confirmed that Fis1p was an integral mi-
tochondrial membrane protein (not shown). Interestingly,
overexpression of cytoplasmic GFP-Fis1paa1-127 from a
MET25-inducible promoter did not cause dominant mito-
chondrial morphology defects in wild-type cells, suggest-
ing that this form of Fis1p is not competent to titrate es-
sential components of the fission reaction (data not
shown). Cryo-immunoelectron microscopy revealed that,
unlike Dnm1p, which was found in discrete spots associ-
ated with mitochondrial constriction sites (Bleazard et al.,
1999), Myc-Fis1p appeared to be distributed evenly on the
surface of the mitochondrial compartment (Fig. 5 G; see H
for anti–Myc detection of Myc-Fis1p). These localization
studies were consistent with biochemical studies (de-

Figure 4. Domain structure of the Fis1p Family. Domain structure
of eight Fis1p family members with the predicted carboxy-terminal
transmembrane domain shown in black (TM). The length in amino
acids, percent sequence identity, and percent sequence similarity
between the Saccharomyces cerevisiae predicted protein (NCBI
RefSeq NP012199) and the predicted Schizosaccharomyces pombe
(PIR T39328), Caenorhabiditis elegans (T16053 and T16332),
Homo sapiens (NP057152), Arabidopsis thaliana (CAB72179.1),
Schistosoma mansoni (AAA99799), and Drosophila melanogaster
(AAF45343) orthologs are indicated. The D. melanogaster and S.
mansoni amino acid sequences may be incomplete. All sequences
can be accessed through the NCBI database (http://
www.ncbi.nlm.nih.gov). The Jotun Hein program (MegAlign,
DNA*) was used to construct pairwise alignments between the S.
cerevisiae protein sequence and each Fis1p ortholog.

Figure 5. Fis1p is a mitochondrial membrane protein with its
amino terminus exposed to the cytoplasm. (A–F) Wild-type
(ADM551) cells expressing GFP-Fis1p (A–C; pRS415MET25 1
rsGFP-FIS1aa1-155) or GFP-Fis1p lacking the COOH-terminal
transmembrane domain (D–F; pRS415MET25 1 rsGFP-FIS1aa1-

127) were stained with MitoTracker red CMXRos (B, C, E, and
F). Confocal microscopy was used to evaluate the distribution of
the GFP fusion proteins (green) and mitochondrial compart-
ments (red) in individual (A, B, D, and E) and merged (C and F)
images. Bar, 5mm. (G) The distribution of Myc-Fis1p (black ar-
rows) (ADM551; pRS415MET25 1 9xMYC-FIS1) was deter-
mined by immunogold labeling of ultrathin cryosections. 5-nm
gold particles were found concentrated at the periphery of the
mitochondrial compartment. Percentage distribution of 1,807
gold particles counted: mitochondrial tips 8.5%, mitochondrial
sides (excluding constriction sites) 77.6%, mitochondrial con-
striction sites 12.5%, and cytoplasm 1.4%. m, mitochondria; pm,
plasma membrane. Bar, 0.1 mm. (H) Total cell extracts from
fis1D (lane 1, ADM549), wild-type (lane 2, ADM548), or fis1D

cells expressing either Fis1p (lanes 3, 5, 7, and 9, ADM549;
pRS416 1 FIS1), GFP-Fis1p (lanes 4 and 6, ADM549;
pRS415MET25 1 rsGFP-FIS1) or Myc-Fis1p proteins (lanes 8
and 10, ADM549; pRS415MET25 1 9xMYC-FIS1) were ana-
lyzed by Western blotting with anti–Fis1p, –GFP, and –Myc se-
rum as indicated. a, the position of GFP-Fis1p (47 kD); b, Myc-
Fis1p (35 kD); and c, native Fis1p (17 kD). (I) Wild-type protein
extract was fractionated by differential centrifugation, separated
by SDS-PAGE, and analyzed by Western blotting with anti–
Fis1p, –porin, and –3-PGK serum. Cytosol, postnuclear cytoplas-
mic extract; PMS, supernatant depleted of mitochondria; Mito,
mitochondrial pellet. (J) Untreated (IM), osmotically shocked
(OS), and Triton X-100 solubilized (TX) mitochondrial fractions
were treated with 0, 10, or 100 mg/ml Trypsin and analyzed by
SDS-PAGE and Western blotting with anti–GFP, –Fis1p, –cyto-
chrome b2, and –KDH serum. *Protease-clipped form of KDH.
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scribed below) demonstrating that Fis1p was an outer mi-
tochondrial membrane protein.

Subcellular fractionation experiments using anti–Fis1p
and anti–GFP antibodies confirmed that Fis1p is a mito-
chondrial protein. Anti–Fis1p antibodies recognized a 17-
kD protein in extracts prepared from FIS1 wild-type but
not fis1D cells (Fig. 5 H, compare 1 and 2, band c). Simi-
larly, anti–GFP antibodies detected a 47-kD fusion protein
in extracts prepared from fis1D cells expressing GFP-Fis1p
but not in extracts prepared from fis1D cells expressing un-
tagged Fis1p (Fig. 5 H, compare 3 and 4, band a). As shown
in Fig. 4 I, native Fis1p cofractionated predominantly with

the mitochondrial pellet, along with the outer mitochon-
drial membrane protein porin, during differential centrifu-
gation of a postnuclear cell extract. In extracts prepared
from fis1D cells expressing GFP-Fis1p, GFP-Fis1p also co-
fractionated with porin, and not the cytoplasmic marker,
3-phosphoglycerate kinase (3-PGK; data not shown).

Protease protection experiments revealed that Fis1p is
an outer mitochondrial membrane protein with its NH2
terminus exposed to the cytoplasm. Anti–GFP and anti–
Fis1p antibodies detected the full-length GFP-Fis1p fusion
protein in untreated mitochondrial fractions (Fig. 5 J, 0
mg/ml Trypsin). Treatment of intact mitochondria with 10
or 100 mg/ml trypsin resulted in the clipping and release of
the NH2-terminal, 29-kD GFP tag from Fis1p (Fig. 5 J, 10
and 100 mg/ml trypsin, IM; the linker region between GFP
and Fis1p contains a predicted trypsin cleavage site). In
the presence of 100 mg/ml trypsin, the intermembrane
space protein cytochrome b2 was not digested, indicating
that the outer mitochondrial membrane remained intact
(Fig. 5 J, 100 mg/ml trypsin, IM). When the outer mem-
brane was disrupted by osmotic shock, however, cyto-
chrome b2 was degraded by trypsin, although the matrix
marker alpha-ketoglutarate dehydrogenase (KDH) was
still protected (Fig. 5 J, 100 mg/ml trypsin, OS). Protease
clipping of KDH (*) only occurred when mitochondria
were solubilized with Triton X-100 in the presence of

Table IV. Number of Dnm1p-GFP Complexes 
in Wild-Type and Mutant Strains

Strain
No. of cells

scored .8 4–8 1–3

% % %

WT 100 97 3 0
fis1D 100 3 16 81
fis2-5 100 86 14 0
fis1D fis2-5 100 0 7 93
dnm1D 100 92 5 3
fis1-21* fzo1-1 100 61 32 7

*fis1-21 is not a temperature-sensitive allele; mitochondrial morphology in fis1-21 is
identical at 258 and 378C. WT, wild type.

Figure 6. Dnm1-GFP local-
ization requires FIS1 but not
FIS2 function. (A, E, I, and
M) differential interference
contrast, (B, F, J, and N)
Dnm1-GFP (pRS414-DNM1-
rsGFP, PRS416-DNM1-
rsGFP, or pHS20), (C, G, K,
and O) mito-RFP (pRS416-
GAL1 1 PrF0ATP9-RFP),
and (D, H, L, and P) merged
Dnm1-GFP/mito-RFP im-
ages of (A–D) wild-type
(ADM548), (E–H) fis1D
(ADM552), (I–L) fis2-5
(ADM752), and (M–P) fis1D
fis2-5 (ADM742) cells grown
at 308C. Bar, 5 mm.
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trypsin (Fig. 5 J, 100 mg/ml trypsin, TX). Interestingly, sig-
nificant degradation of Fis1p was only observed after
treatment of mitochondria with detergent, suggesting that
Fis1p’s small size and outer membrane association affects
its protease susceptibility (Fig. 5 J, note shifted and
smeared Fis1p bands in TX lanes treated with trypsin).
The fact that (a) the GFP tag is at the NH2 terminus of
Fis1p, (b) Fis1p has only one predicted transmembrane
domain, and (c) there are only nine amino acids COOH-
terminal of the transmembrane domain suggests that the
COOH-terminal nine amino acids of Fis1p face the mito-
chondrial intermembrane space.

Proper Assembly and Distribution of Dnm1p on the 
Outer Mitochondrial Membrane Requires Fis1p,
but Not Fis2p Function

Two-hybrid, coimmunoprecipitation (Fukushima, N.H.,
B.R. Keegan, and J.M. Shaw. 1999. Mol. Biol. Cell. 10:
315a. [Abstr.]), and genetic studies (Mozdy and Shaw, un-
published observations) indicate that Dnm1p interacts
with itself and probably functions as a multimer. Our pre-
vious work demonstrates that these Dnm1p multimer-con-
taining complexes assemble on the cytoplasmic face of the
outer mitochondrial membrane at sites of future constric-
tion and fission (Otsuga et al., 1998; Bleazard et al., 1999).
Both the fis1 mitochondrial fission defect and the topology
of Fis1p on the outer mitochondrial membrane raised the
possibility that Fis1p was required to localize or activate
the Dnm1p GTPase. To test this idea, we examined the lo-
calization of a Dnm1p-GFP fusion protein in the presence
and absence of Fis1p. We also labeled mitochondria in the
same cells with mito-RFP to evaluate colocalization of
Dnm1p-GFP with mitochondrial membranes.

In 97% of wild-type cells and 92% of dnm1D cells exam-
ined, Dnm1p-GFP was organized in eight or more punc-
tate structures that colocalized completely with wild-type
mito-RFP–labeled networks (Fig. 6, A–D; Table IV). This
pattern was consistent with the Dnm1p localization pat-
tern determined previously by indirect immunofluores-
cence studies (Otsuga et al., 1998), immunogold labeling
studies (Bleazard et al., 1999), and Dnm1p-GFP studies
(Sesaki and Jensen, 1999). In contrast, 81% of cells lacking
the Fis1 protein contained only one to three of the
Dnm1p-GFP structures and these structures often ap-
peared larger than normal (Fig. 6, E–H, Table IV). This
change in Dnm1p-GFP localization is not a secondary con-
sequence of net formation since Dnm1p-GFP distribution

appears wild type in fis2 mutants, which also contain mito-
chondrial nets (see below). Interestingly, the Dnm1p-GFP
spots in fis1D cells colocalized with mitochondrial mem-
branes in this mutant. However, these structures were not
able to catalyze fission, as evidenced by the mitochondrial
nets formed in the fis1D strain (Table II).

Although Dnm1p-GFP complexes colocalized with mi-
tochondria in the absence of Fis1p, Fis1p was clearly re-
quired to properly distribute these complexes into punc-
tate structures along mitochondrial tubules. Analysis of
one FIS1 allele, fis1-21, suggested that Fis1p may also be
required for the function of these punctate Dnm1p-con-
taining structures. The fis1-21 allele blocked mitochondrial
fission and fragmentation in a fis1-21 fzo1-1 double mutant
at 378C (mitochondrial membranes remained tubular in
97% of the cells). However, the number and distribution of
punctate Dnm1p-GFP structures on fis1-21 fzo1-1 mito-
chondria appeared more wild type (Table IV). These data
suggested that the rate or extent of fission by properly dis-
tributed Dnm1p complexes was impaired in the fis1-21
fzo1-1 strain. Thus, while Fis1p plays a role in determining
the punctate distribution of Dnm1p complexes on mito-
chondrial tubules, it is also required for Dnm1p complex
function once that distribution is achieved.

Similar experiments demonstrated that wild-type
Dnm1p-GFP distribution did not require FIS2 gene func-
tion. In the majority (86%) of fis2-5 cells, the number and
distribution of Dnm1p-GFP structures was indistinguish-
able from wild type (Fig. 6, I–L; Table IV). Once again,
these structures colocalized with fis2-5 mitochondrial tubules
and nets, suggesting that the Fis2 protein was required for
the function but not the localization of Dnm1p-containing
complexes (see Discussion for more information about
Fis2p). Finally, the number and distribution of Dnm1p-
GFP structures in a fis1D fis2-5 double mutant was similar
to that in a fis1D single mutant, indicating that fis1 is epi-
static to fis2 with respect to Dnm1p-GFP localization (Fig.
6, M–P). Thus, Fis1p apparently functions upstream of
Fis2p to localize Dnm1p.

Immunogold labeling of ultrathin cryosections con-
firmed that Dnm1p localization was altered in the fis1 mu-
tant. In wild-type cells expressing the tagged Dnm1p-HAc
protein, 89.3% of the 5-nm gold particles were associated
with the tips and sides of mitochondrial tubules and with
constriction sites in these tubules (Table V). These results
are similar to those reported previously for Dnm1p-HAc
localization (Bleazard et al., 1999). In contrast, in fis1D

Table V. Distribution of Dnm1-HAc Protein in FIS1 and fis1D Cells

Compartment Dnm1p-HA in wild-type cells Dnm1p-HA in fisD cells 

% total gold particles, n 5 531 % total gold particles, n 5 121

Mitochondrial tips 38.4 6.2
Mitochondrial sides* 15.4 1.8
Mitochondrial constriction sites 35.5 0
Mitochondrial other‡ 1.1 0
Mitochondrial total 90.4 8.0
Plasma membrane 2.2 0
Cytoplasm 7.5 92.0
Vacuole 0 0

*Excluding constriction sites.
‡Mitochondrial boundary unclear.
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cells, only 8% of gold particles were found on the tips and
sides of mitochondrial tubules, while the majority (92%)
were found in the cytoplasm (Table V). Quantitative
Western blot analysis indicated that this difference was
not due to reduced Dnm1p expression in fis1D relative to
FIS1 wild type (not shown). Rather, in fis1D cells, the total
amount of Dnm1p associated with mitochondria appeared
to be reduced, and the distribution of this mitochondrial-
associated Dnm1p appeared to be altered.

Discussion
Our previous studies established that the S. cerevisiae dy-
namin-related GTPase, Dnm1p, associates with the outer
mitochondrial membrane at sites of future constriction
and fission (Otsuga et al., 1998; Bleazard et al., 1999).
Here we provide genetic and morphological evidence that
FIS1 and FIS2 encode two additional components of the
Dnm1p fission apparatus. Like dnm1 (Bleazard et al.,
1999), fis1 and fis2 mutations abolish fission and suppress
fragmentation in the fzo1-1 strain. This suppression occurs
via a bypass mechanism since fis1D and fis2-5 (null) alleles
prevent fragmentation in an fzo1D strain and in mgm1D
cells (Fig. 3). Fis1p is a novel outer mitochondrial mem-
brane protein essential for the proper distribution and
function of the Dnm1p GTPase during the fission reaction.
Fis1p is, to our knowledge, the first integral membrane
protein known to function with a dynamin-related GTPase
in a membrane fission event. In contrast, the FIS2 gene
product is required for the function, but not the mitochon-
drial association and distribution, of Dnm1p.

The results described here raised the possibility that
Fis1p functions early in the fission pathway to recruit
Dnm1p or Dnm1p-containing complexes to the mitochon-
drial membrane. Although we do not exclude such a func-
tion for Fis1p, several lines of evidence argue against this
model. First, we have been unable to detect interactions of
Fis1p with Dnm1p using coimmunoprecipitation and yeast
two-hybrid studies (not shown). It is possible that such in-
teractions are simply too transient to detect by these meth-
ods. Alternatively, one or more additional molecules may
serve as a bridge between Fis1p and its binding partner(s).
It is also possible that the methods we used failed to mimic
a guanine nucleotide-bound state of Dnm1p required for
Fis1p binding interactions. Second, we found that one to
three large structures containing Dnm1p-GFP continued
to colocalize with mitochondria in the absence of Fis1p
(Fig. 6). This result suggests that Dnm1p contains Fis1p-
independent signals for protein or lipid binding that medi-
ate its mitochondrial attachment. A number of previously
identified Dnm1p structural domains might function in
this manner, including the middle domain, insert B, or the
alpha-helical domain (van der Bliek, 1999). Third, one of
our FIS1 alleles, fis1-21, interferes with fission and sup-
presses fragmentation in fzo1-1 but does not completely
disrupt the mitochondrial distribution of Dnm1p-GFP
(Table IV). This last observation is consistent with the
idea that Fis1p plays a role in the activation or function of
Dnm1p complexes after they have assembled on the outer
mitochondrial membrane. Interestingly, we recently de-
tected Fis1p self-interactions using the two-hybrid assay.
We are currently exploring the possibility that Fis1p self-

interactions are required for Dnm1p mitochondrial distri-
bution or function.

Even though punctate Dnm1p-GFP complexes are
properly distributed in fis1-21 fzo1-1 cells (Table IV), mi-
tochondrial fragmentation is still blocked in this double
mutant at 378C (97% tubular mitochondria), suggesting
that the ability of these complexes to catalyze fission is im-
paired. Thus, Fis1p may be required (a) to distribute
Dnm1p complexes on mitochondrial tubules and (b) to ac-
tivate the fission activity of Dnm1p complexes. One in-
triguing possibility is that Fis1p functions late in the fission
pathway (after mitochondrial recruitment of Dnm1p com-
plexes) as an effector molecule to regulate some aspect of
the Dnm1p GTPase cycle. Preliminary studies of wild-type
Dnm1p-GFP localization in the presence of a dominant
dnm1-T62A allele (Otsuga et al., 1998) are consistent with
this idea. The dnm1-T62A mutation is equivalent to a mu-
tation in the ras GTPase that is predicted to abolish effec-
tor binding (Vojtek et al., 1993; Adari et al., 1988; Cales et
al., 1988). In FIS1 wild-type cells, over-expressed Dnm1-
T62A protein interacts with wild-type Dnm1p-GFP, caus-
ing the wild-type protein to redistribute into one to three
large structures on the mitochondrial compartment (not
shown). This altered Dnm1p-GFP localization pattern is
similar to that observed in the fis1D mutant, suggesting
that the fis1D and dnm1-T62A mutations affect the same
step in Dnm1p assembly, distribution, or activation.

A related study reported the cloning and characteriza-
tion of the FIS2 gene, which they named MDV1 for mito-
chondrial division (Tieu and Nunnari, 2000). MDV1 en-
codes an 80-kD protein containing seven COOH-terminal
WD-40 repeats. Together, these WD-40 repeats are pre-
dicted to form a tertiary structure called the b propeller
that has the potential to interact with multiple protein-
binding partners (Smith et al., 1999). Several lines of evi-
dence suggest that Mdv1p and the Dnm1p GTPase inter-
act (Tieu and Nunnari, 2000). In genetic crosses, nonallelic
noncomplementation is observed between specific MDV1
and DNM1 alleles. In addition, fluorescence microscopy
studies reveal that Mdv1p and Dnm1p colocalize in punc-
tate structures on the cytoplasmic face of mitochondrial
tubules. Finally, Mdv1p and Dnm1p have been shown to
interact in a yeast two-hybrid assay (Tieu and Nunnari,
2000; Uetz et al., 2000). Although Mdv1p is not necessary
for the proper localization of Dnm1p, Dnm1p is required
for the proper mitochondrial distribution of Mdv1p (Tieu
and Nunnari, 2000). In cells lacking Dnm1p, Mdv1p is uni-
formly dispersed on the outer mitochondrial membrane
(Tieu and Nunnari, 2000), similar to the localization pat-
tern we observe for Fis1p (Fig. 5 A). This observation sug-
gests that Mdv1p contains signals that allow targeting to
the mitochondrial compartment in the absence of Dnm1p.
In cells lacking Fis1p, Mdv1p continues to colocalize with
Dnm1p in one to three large structures associated with mi-
tochondria (see Results, and Tieu and Nunnari, 2000).
Thus, while Fis1p is required for proper mitochondrial dis-
tribution of Dnm1p, Mdv1p’s association with Dnm1p is
unaffected by Fis1p. In the absence of both Dnm1p and
Fis1p, Mdv1p is cytoplasmic, indicating that Fis1p is also
required for the mitochondrial recruitment of Mdv1p.
These combined results suggest that Mdv1p and Dnm1p
bind to the mitochondrial outer membrane as a complex,
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or that Dnm1p binds to mitochondria first and Mdv1p is a
late recruit to Dnm1p-containing structures. In both cases,
association of Mdv1p with Dnm1p appears to be required
for the function of Dnm1p-containing complexes during
fission.

The data presented here and in the accompanying study
by Tieu and Nunnari (2000) suggest that mitochondrial fis-
sion is a multi-step process requiring functional Dnm1p
GTPase, its putative binding partner Mdv1p, and the inte-
gral, outer membrane protein, Fis1p. The results of our
studies indicate that Fis1p is involved in the assembly, spa-
tial distribution, and function of Dnm1p-containing fission
complexes on the outer mitochondrial membrane (Fig. 7,
step 1). Based on the results of Tieu and Nunnari (2000),
these Dnm1p-containing complexes also contain Mdv1p,
although the stoichiometry of this interaction is not

known. We are currently determining whether Dnm1p or
Mdv1p bind directly or indirectly to Fis1p in the mitochon-
drial membrane. The Dnm1p-containing fission complexes
may polymerize to form rings or collars surrounding the
mitochondrial outer membrane (visualized as punctate
structures on mitochondria; Fig. 7, step 1), similar to the
collars formed at the base of clathrin-coated pits by the dy-
namin GTPase (Takei et al., 1995). Formation of such a
structure could coincide with, or subsequently result in,
membrane constriction and fission. Alternatively, Dnm1p
might be required to recruit or activate additional compo-
nents that mediate constriction and fission (Fig. 7, steps 2
and 3).

Whether or not this model is correct, it seems likely that
Dnm1p’s GTPase cycle will play an important role in regu-
lating one or more steps in the division process. For exam-
ple, GTP binding or hydrolysis by Dnm1p might regulate:
(a) self assembly into a complex with itself or other pro-
teins, (b) its association with the outer mitochondrial
membrane, (c) the assembly of Dnm1p complexes into
higher order structures, or (d) the recruitment of addi-
tional components to the site of fission. A model in which
GTP hydrolysis by Dnm1p provides mechanical energy for
membrane constriction and fission cannot yet be excluded.
It is likely that lipid modification activities are also re-
quired to remodel the outer mitochondrial membrane dur-
ing constriction and fission, similar to endophilin’s pro-
posed activity during endocytosis (Ringstad et al., 1999;
Schmidt et al., 1999). Future studies should identify any
additional activities of Dnm1p, Fis1p, and Mdv1p as well
as new proteins required for outer membrane division.

Although molecules required for outer mitochondrial
membrane fission have been identified in a number of or-
ganisms (Otsuga et al., 1998; Smirnova et al., 1998; Bleaz-
ard et al., 1999; Labrousse et al., 1999; Sesaki and Jensen,
1999), essentially nothing is known about molecules that
mediate inner mitochondrial membrane fission. Recently,
however, another dynamin-related GTPase in budding
yeast, called Mgm1p, was shown to function in mitochon-
drial membrane dynamics (Jones and Fangman, 1992;
Guan et al., 1993; Shepard and Yaffe, 1999; Wong et al.,
2000). The Mgm1p GTPase localizes to the mitochondrial
intermembrane space and associates with the inner mem-
brane, suggesting that it may play a role analogous to
Dnm1p in inner membrane fission (Wong et al., 2000). If
this model is correct, there may be structural or functional
homologues of Mdv1p and Fis1p that work together with
Mgm1p to regulate fission of the mitochondrial inner
membrane. It seems likely that at least some of the mole-
cules required for outer and inner membrane fission will
also play a role in coordinating the behavior of both mem-
branes during division. The integral outer membrane pro-
tein, Fis1p, is one potential candidate, since its COOH ter-
minus probably extends into the intermembrane space and
is exposed to the inner mitochondrial membrane. We are
currently determining the submitochondrial topology of
the Fis1p COOH terminus and its role in mitochondrial
fission.

Fis1p and Mdv1p are new additions to the list of players
that regulate division of prokaryotic cells and eukaryotic
organelles of prokaryotic origin, including mitochondria
and chloroplasts. E. coli cell division is mediated by the

Figure 7. Model for mitochondrial constriction and fission medi-
ated by Dnm1p-containing complexes. In response to an un-
known signal(s), fission complexes containing the Dnm1p GTP-
ase and probably Mdv1p are assembled in a Fis1p-dependent
manner on the outer mitochondrial membrane (step 1). Dnm1p-
containing fission complexes may assemble into higher-order
structures, possibly forming rings or collars around the outer sur-
face of mitochondrial tubules, similar to structures formed by dy-
namin during endocytosis (rings/collars are visualized as punctate
structures in intact yeast cells). Dnm1p-containing complexes
could play a role in the mechanical constriction and fission of mi-
tochondrial tubules, or, alternatively, these complexes might re-
cruit or activate additional components that mediate constriction
and fission (steps 2 and 3). Although both the inner and outer mi-
tochondrial membranes are shown in cross section, Dnm1p-con-
taining fission complexes are predicted to contact only the outer
membrane. OM, outer membrane; IMS, intermembrane space;
IM, inner membrane.
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FtsZ GTPase that forms a ring on the cytoplasmic face of
the inner membrane and constricts during cytokinesis
(Rothfield et al., 1991; Bramhill, 1997; Lutkenhaus and
Addinall, 1997; Nanninga, 1998; Erickson, 2000). In this
case, an integral inner membrane protein called ZipA
binds directly to FtsZ and is thought to be required for the
function of the FtsZ ring (Hale and de Boer, 1997). In the
chloroplast, two different FtsZ homologues, FtsZ1 and
FtsZ2, form rings at the organelle midpoint and coordi-
nate division of the inner and outer membranes, respec-
tively (Osteryoung and Vierling, 1995; Osteryoung and
Pyke, 1998; Osteryoung et al., 1998). FtsZ homologues
have not been identified in higher eukaryotes, although
FtsZ homologues that localize to mitochondria have been
identified in unicellular alga (Beech and Gilson, 2000;
Beech et al., 2000). During mitochondrial division in
higher eukaryotes, the role of the FtsZ GTPase appears to
have been replaced by dynamin-related GTPases like S.
cerevisiae Dnm1p. Homologues of the Dnm1p GTPase
have been identified in a wide range of organisms includ-
ing humans (Smirnova et al., 1998) and worms (Labrousse
et al., 1999), and a role for the Caenorhabditis elegans
Dnm1p counterpart, DRP-1, in outer mitochondrial mem-
brane fission has been established (Labrousse et al., 1999).
Although homologues of Mdv1p have not yet been identi-
fied (Tieu and Nunnari, 2000), the fact that S. cerevisiae
Fis1p defines a novel family of outer mitochondrial mem-
brane proteins conserved in humans, plants, worms, and
flies (Fig. 4) strongly suggests that the molecular machin-
ery regulating the Dnm1p-mediated type of mitochondrial
fission has been conserved during eukaryotic evolution.
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