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Mitochondria are dynamic organelles that undergo frequent division and fusion, but the molec-
ular mechanisms of these two events are not well understood. Dnm1p, a mitochondria-associated,
dynamin-related GTPase was previously shown to mediate mitochondrial fission. Recently, a
genome-wide yeast two-hybrid screen identified an uncharacterized protein that interacts with
Dnmlp. Cells disrupted in this new gene, which we call NET2, contain a single mitochondrion
that consists of a network formed by interconnected tubules, similar to the phenotype of dnmIA
cells. NET2 encodes a mitochondria-associated protein with a predicted coiled-coil region and six
WD-40 repeats. Immunofluorescence microscopy indicates that Net2p is located in distinct,
dot-like structures along the mitochondrial surface, many of which colocalize with the Dnm1
protein. Fluorescence and immunoelectron microscopy shows that Dnmlp and Net2p preferen-
tially colocalize at constriction sites along mitochondrial tubules. Our results suggest that Net2p

is a new component of the mitochondrial division machinery.

INTRODUCTION

Mitochondria are essential organelles that participate in ATP
synthesis, ion homeostasis, cell fate determination, lipid me-
tabolism, and apoptosis (Saraste and Walker, 1982; Tza-
goloff, 1983; Attardi and Schatz, 1988; Green and Reed, 1998;
Wallace, 1999). To perform these functions, mitochondria
can dynamically regulate their number, shape and locations
in different eukaryotic cell types (Tzagoloff, 1983; Bereiter-
Hahn, 1990; Bereiter-Hahn and Voth, 1994). In growing cells
of the yeast Saccharomyces cerevisiae, mitochondria form a
branched, tubular reticulum throughout the periphery of the
cell (Hoffman and Avers, 1973; Stevens, 1977, 1981). During
stationary phase, mitochondria fragment into 30-50 small
organelles (Stevens, 1981). Mitochondria in yeast and most
other cells are constantly fusing and dividing (Bereiter-
Hahn, 1990; Nunnari et al., 1997). Fusion and division are
balanced during cell growth so that each cell contains ~5-10
separate organelles (Stevens, 1977). During meiosis and
sporulation of diploid yeast, mitochondria undergo dra-
matic reorganization utilizing mitochondrial fusion and fis-
sion to eventually form four mitochondria, each of which
encircles the nuclei of the separate spores (Miyakawa et al.,
1984). In yeast, the presence of two GTPases is crucial for
successful fusion and division of mitochondria. Fzolp, an
integral protein of the mitochondrial outer membrane, is
required for mitochondrial fusion (Hermann et al., 1998;
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Bleazard et al., 1999; Sesaki and Jensen, 1999) and Dnmlp, a
dynamin-related protein, mediates organelle fission (Otsuga
et al., 1998; Bleazard et al., 1999; Sesaki and Jensen, 1999).
The first member of the Fzol protein family, fuzzy onions,
was identified in Drosophila (Hales and Fuller, 1997). Mito-
chondria in the sperm cells of fuzzy onions mutants fail to
fuse their mitochondria and, therefore, accumulate frag-
mented organelles. fuzzy onions mutants are defective in a
mitochondrial transmembrane GTPase, which is required
for mitochondrial fusion in sperm. Yeast cells that lack the
Fzo1 protein fail to fuse their mitochondria during cell mat-
ing (Hermann et al., 1998; Sesaki and Jensen, 1999). Dnm1p
was identified as a homologue of mammalian dynamin
(Gammie et al., 1995), a protein required to pinch endocytic
vesicles from the plasma membrane (De Camilli et al., 1995).
Although yeast cells defective in Dnm1p show only a slight
defect in endocytosis, they exhibit a striking mitochondrial
phenotype. Cells that lack the Dnm1 protein have a single
mitochondrion composed of a partially collapsed network of
interconnected tubules (Otsuga et al., 1998; Bleazard et al.,
1999; Sesaki and Jensen, 1999). Arguing for a direct role in
mitochondrial fission, some Dnm1p in the yeast cell appears
to be localized at sites of division (Bleazard et al., 1999;
Sesaki and Jensen, 1999). Additional evidence that Fzolp
and Dnmlp are critical for fusion and division comes from
double mutant studies. In dnml mutants, the normal
branched, tubular structure of mitochondria is replaced by a
single organelle consisting of interconnected tubules (Blea-
zard et al., 1999; Sesaki and Jensen, 1999). In fzol cells,
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Table 1. Strains used in this study

Strain Genotype Source

BY4741 MATa leu2 met15 ura3 his3 Brachmann et al., 1998
BY4742 MATa leu2 lys2 ura3 his3 Brachmann et al., 1998
RJ1188 MATa dnm1::HIS3 trpl his3 leu2 met15 ura3 Sesaki and Jensen, 1999
RJ1232 MATa fzol ::kanMX4 his3 leu2 met15 ura3 trpl Sesaki and Jensen, 1999
RJ1253 MATa net2::kanMX4 his3 leu2 met15 ura3

RJ1285 MATa his3 leu2 met15 ura3 trpl dnml::HIS3 net2::kanMX4 This study

RJ1286 MATa his3 leu2 met15 ura3 fzol::kanMX4 net2 ::kanMX4 This study

RJ1295 MATa/MATa fzol : :kanMX4/FZO1 This study

NET2/net2 :: kanMX4 his3/his3 leu2/leu2 met15/metl5 ura3/ura3

Y190 (RJ518)
RJ515

MATa gal4 gal80 his3 trpl ade2 leu2 URA3::GAL-LACZ LYS2::GAL-HIS3
MATa gal4 gal80 his3 trpl ade2 leu2 URA3::GAL-LACZ LYS2::GAL-HIS3 pTD1 pVA3

Bai and Elledge, 1996
Kerscher et al., 1998

numerous mitochondrial fragments accumulate (Hermann
et al., 1998; Bleazard ef al., 1999; Sesaki and Jensen, 1999).
Surprisingly, the majority of dnmlA fzolA double mutants
contain several separate tubular mitochondria, reminiscent
of wild-type organelles (Sesaki and Jensen, 1999). Thus, the
number and shape of mitochondria in yeast cells seems to be
controlled by a balance between the events of division and
fusion that require Dnmlp and Fzolp, respectively. In this
paper, we present evidence that a new protein, named
Net2p, binds to Dnm1p and works with Dnm1p to mediate
mitochondrial fission.

MATERIALS AND METHODS

Strains and Relevant Genotypes

Strains used in this study are listed in Table 1. Strains BY4741 and
BY4742 were previously described (Brachmann ef al., 1998). A yeast
strain disrupted in the YJL112w open reading frame (ORF) with
kanMX4 (now called net2A) was purchased from Research Genetics
(Huntsville, AL) and renamed RJ1253. This net2A strain was crossed
to the dnmIA strain RJ1188, and the diploids were sporulated and
dissected to generate dnmIA net2A strain RJ1285. fz01A net2A strain
RJ1286 was constructed by crossing fzolA strain RJ1232 to RJ1253.
Standard yeast media and genetic techniques (Adams et al., 1997)
were used.

Plasmid Construction

pKC2, a CEN-LEU2 plasmid that expresses OM45p-GFP, was con-
structed as follows. A 1380-base pair (bp) DNA fragment encoding
the OM45 ORF and 200 bp of upstream sequences were polymerase
chain reaction (PCR) amplified from yeast genomic DNA (Hoffman
and Winston, 1987) using oligonucleotides 357 (5'-CCGCTCGAG-
CATATAATAATTGACAAG-3') and 358 (5'-TATTGCGGCCGC-
CGTCCTTTTTCGAGC-3'). This PCR fragment was digested with
Xhol and Notl and then inserted into pAA1, a CEN-LEU2 plasmid
containing green fluorescent protein (GFP; Sesaki and Jensen, 1999)
such that GFP was fused, in frame, to the C terminus of OM45p.
pKC5, a CEN-LEU2 plasmid encoding NET2 with a triple hem-
agglutinin (HA) epitope fused at the amino terminus, was produced
as follows. A 2345-bp DNA fragment containing the NET2-coding
sequences and 200 bp downstream were amplified from yeast
genomic DNA (Hoffman and Winston, 1987) using oligonucleotides
442 (5'-GCGGGATCCATGTCAGTGAACGACCAAATAAC-3')
and 443 (5'-GCGGGATCCATTTACATTCCAGAACG-3'), digested
with BamHI, and inserted into BamHI-cut pJE6. pJE6 contains the
triple HA epitope inserted into the NotI site of pJE5 (Emtage and
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Jensen, 1993). pKC5 encodes the HA-Net2p fusion protein under the
control of the TIM23 promoter region.

pKC11, a CEN-URA3 plasmid that expresses the Dnmlp-GFP
fusion protein, was constructed by inserting a Poul fragment con-
taining DNM1-GFP from pHS20 (Sesaki and Jensen, 1999) into Poul-
cut pRS316 (Sikorski and Hieter, 1989).

pKC13, a CEN-URA3 plasmid that expresses the Dnm1p-MYC
fusion protein, was constructed as follows. The triple MYC epitope
was PCR amplified from an MYC-containing plasmid KB241 (a gift
from D. Kornitzer, S. Kron, and G. Fink, Whitehead Institute, Cam-
bridge, MA) using oligonucleotides 487 (5'-GTGCGGCCGCAGAG-
GTGAACAAAA-GTTG-3') and 497 (5'-GAGCGCGGTTAGCAT-
GCCTGCAGGTCGAC-3'), digested with Sacll and Notl, and in-
serted at the C terminus of Dnmlp in Sacll/Notl-cut pHS20 (Sesaki
and Jensen, 1999), forming pKC12. A SacIl/Xhol fragment contain-
ing DNM1-MYC from pKC12 was ligated into Sacll/Xhol-digested
PRS316 (Sikorski and Hieter, 1989) to form pKC13.

Yeast Two-Hybrid Experiments

To construct plasmid pOAD-DNM1, a CEN-LEU2 plasmid that carries
Dnmlp fused to the activating domain of Galdp, we first amplified
DNM1 sequences from yeast genomic DNA using oligonucleotides 453
(5'-CCACCAAACCCAAAAAAAGAGATCGAATTCCAGCTGACC-
ACCATGGCTAGTTTAGAAGATCTTATTC-3") and 454 (5'-CATA-
GATCTCTGCAGGTCGACGGATCCCCGGGAATTGCCATGTTAC-
AGAATATTACTAATAAG-3'). Vector pOAD (Uetz et al., 2000) was
linearized by digestion with Ncol and treated with phosphatase. We
cotransformed pOAD and the DNM1-containing PCR product into
yeast strain Y190 to allow homologous recombination to form
pOAD-DNMI.

To construct pPOBD-NET2, a CEN-TRP1 plasmid carrying NET2
fused to the Gal4p DNA-binding domain, we first amplified NET2
sequences from genomic DNA using oligonucleotides 455 (5'-CC-
ACCAAACCCAAAAAAAGAGATCGAATTCCAGCTGACCACC-
ATGTCAGTGAACGACCAAATAAC-3") and 456 (5'-CATAGATCT-
CTGCAGGTCGACGGATCCCCGGGAATTGCCATGTCATACGG-
CCCAAATATTTAC-3'). Vector pOBD (Uetz et al., 2000) was
digested with EcoRI and Ncol and cotransformed into strain Y190
together with the NET2 PCR product so that pOBD-NET2 was
formed by homologous recombination. Y190 cells containing
both pOAD-DNM1 and pOBD-NET2 were screened for B-galac-
tosidase activity as described previously (Adams et al., 1997).

Microscopy

Samples were observed using a Axioskop microscope (Carl Zeiss
Inc., Thornwood, NY) with a 100X objective. Fluorescence and
differential interference contrast (DIC) images were captured with a
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Photometrics PXL charge-coupled device camera (Roper Industries,
Princeton, NJ) using IP Lab software, version 3.2.0 (Signal Analytics,
Vienna, VA).

Electron microscopy was performed as previously described
(Rieder ef al., 1996). Briefly, cells were fixed with 3% glutaraldehyde
in 0.1 M sodium cacodylate, pH 7.4, 5 mM calcium chloride, 5 mM
magnesium chloride, and 2.5% sucrose for 1 h at 25°C with gentle
agitation, spheroplasted, embedded in 2% ultra-low-temperature
agarose made in water, cooled, and cut into 1-mm? pieces. The cells
were subsequently postfixed in 1% osmium tetraoxide/1% potas-
sium ferrocyanide in cacodylate buffer (0.1 M cacodylate/5 mM
calcium chloride, pH 6.8) at room temperature for 30 min. The
blocks of cells were washed four times in water, transferred to 1%
thiocarbohydrazide at room temperature for 5 min, washed in water
again, transferred to 1% osmium tetraoxide/1% potassium ferro-
cyanide in cacodylate buffer, pH 6.8, and incubated for 5 min at
room temperature. The cells were then washed four times with
water, en bloc stained in Kellenberger’s uranyl acetate for 2 h,
dehydrated through a graded series of ethanol washes, and embed-
ded in Spurr resin. Sections were cut on a Ultracut T ultramicrotome
(Leica, Deerfield, IL) and observed on a Philips EM 410 (FEI Co.,
Peabody, MA).

Immunoelectron microscopy was performed as described by
Rieder et al. (1996). Briefly, cells were fixed in suspension for 15 min
by adding an equal volume of freshly prepared 8% formaldehyde in
phosphate-buffered saline (PBS). Cells were pelleted and resus-
pended in 4% formaldehyde in PBS and fixed for an additional
18-24 h at 4°C. Cells were then washed briefly in PBS and resus-
pended in 1% low-temperature-melting agarose. After cooling, the
agarose blocks were trimmed into 1-mm? pieces; infiltrated with 2.3
M sucrose in 20% polyvinylpyrrolidone at pH 7.4 for 2 h, mounted
onto cryo-pins, and rapidly frozen in liquid nitrogen. Ultrathin
cryosections were cut on a UCT ultramicrotome (Leica, Deerfield,
IL) equipped with an FCS cryo-attachment and collected onto Form-
var-carbon-coated nickel grids. Grids were washed with PBS con-
taining 2.5% fetal calf serum in 10 mM glycine at pH 7.4, blocked in
10% fetal calf serum for 30 min, and then incubated overnight with
a 1:50 dilution of monoclonal antibody to the HA epitope (Santa
Cruz Biochemicals, Santa Cruz, CA) and 1:100 dilution of polyclonal
rabbit antibody to the MYC epitope (Santa Cruz Biochemicals).
After the grids were washed, they were incubated for 2 h in anti-
mouse antibody conjugated to 5-nm gold particles and anti-rabbit
antibody conjugated to 10-nm gold particles (Jackson Immunore-
search Labs, West Grove, PA). Grids were then washed with PBS,
followed by water, and then immersed in a solution of 3.2% poly-
vinyl alcohol, 0.2% methyl cellulose, and 0.1% uranyl acetate. Grids
were examined at 80 kV using the electron microscope.

Indirect Immunofluorescence

To localize the Net2 protein, yeast cells were grown to an ODy, of
0.6-0.7 in synthetic medium containing 2% galactose and the ap-
propriate amino acids. Cells were then fixed with 4% paraformal-
dehyde (Sigma, St. Louis, MO) for 75 min, spheroplasted with
zymolyase 20T (180 ug/ml; ICN, Costa Mesa, CA) and B-glucuron-
idase (1382.5 U/ml; Sigma) for 1 h at 30°C, then attached to poly-
L-lysine (Sigma)-coated glass coverslips, and permeabilized using
methanol/acetone as described previously (Harlow and Lane,
1988). Samples were incubated for 30 min with undiluted culture
supernatant from 12CAS5 cells (Niman ef al., 1983). In some experi-
ments cells were also incubated for 30 min with a 1:100 dilution of
antiserum to the B subunit of the F;-ATPase, F,8, (a gift from M.
Yaffe, University of California, San Diego). Coverslips were washed
with PBS supplemented with 1% bovine serum albumin (Calbio-
chem, La Jolla, CA) and 0.05% Tween-20 (Sigma). Samples were
then incubated for 30 min with a 1:200 dilution of fluorescein
isothiocyanate (FITC)-coupled goat anti-mouse immunoglobulin G,
a 1:500 dilution of rhodamine-conjugated goat anti-rabbit antibod-
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ies, or a 1:250 dilution of Cy3-conjugated goat anti-mouse antibodies
(all from Boehringer Mannheim, Indianapolis, IN).

Subcellular and Submitochondrial Localization of
Net2p and Dnmlp

Net2p and Dnmlp were localized by cellular fractionation essen-
tially as described (Daum et al., 1982) using two strains that each
contained a plasmid expressing the protein of interest. net2A strain
RJ1253 expressed HA-Net2p from pKC5 and dnmIA strain RJ1188
contained pHS14, a CEN-LEU2 plasmid with Dnmlp fused to the
HA epitope. Each strain was grown to an ODy, of 1.6 in synthetic
media containing 2% galactose and supplemented with the appro-
priate amino acids. Cells were converted to spheroplasts, homoge-
nized, and separated into a mitochondrial pellet and postmitochon-
drial supernatant by centrifugation at 10,000 X g for 10 min. The
mitochondrial pellet was washed in breaking buffer (250 mM su-
crose, 1 mM EDTA, and 20 mM HEPES, pH 7 4), supplemented with
1 mM phenylmethylsulfonylfluoride in dimethylsulfoxide (DMSO),
1 mg/ml aprotinin and leupeptin in water, and 1 mM trans-epoxy-
succinyl-L-leucylamido(4-guanidino)butane (E-64) in water (all
from Sigma).

Proteins were separated by SDS-PAGE (Laemmli, 1970) and then
transferred to Immobilon membranes (Haid and Suissa, 1983). HA
fusion proteins were identified by incubating membranes with a
1:10,000 dilution of mouse ascites fluid prepared from 12CA5 cells
(BABCO, Berkeley, CA). Marker proteins were identified by incu-
bating membranes with 1:10,000 dilutions of antisera against the
following proteins: the F,;8, Tim23p (Emtage and Jensen, 1993),
OM45p (Yaffe et al., 1989), and hexokinase. Immune complexes were
detected with horseradish peroxidase-conjugated secondary anti-
bodies (Amersham Pharmacia, Piscataway, NJ) at a 1:10,000 dilution
followed by enhanced chemiluminescence (SuperSignal; Pierce,
Rockford, IL).

RESULTS

YJL112w Encodes a Novel WD-40 Repeat
Containing Protein That Interacts with Dnmnlp

Dnmlp, a mitochondria-associated GTPase, plays a crucial
role in the division of yeast mitochondria (Bleazard et al.,
1999; Sesaki and Jensen, 1999). A genome-wide yeast two-
hybrid screen (Uetz et al., 2000) showed that the product of
ORF YJL112w physically interacted with Dnmlp. We con-
firmed the yeast two-hybrid interaction between Dnmlp
and YJL112w (Figure 1A). Plasmids containing Dnmlp
fused to the Gal4p-activating domain (pOAD-DNM1) and
the YJL112w OREF fused to the Gal4p DNA-binding domain
(pOAD-YJL112w) were constructed and cotransformed into
strain Y190, which contains Escherichia coli B-galactosidase
under the control of the yeast GALI promoter region
(GALI:lacZ; Bai and Elledge, 1996). As shown in Figure 1,
Y190 cells that contained both constructs expressed moder-
ate levels of B-galactosidase activity, confirming the interac-
tion between Dnmlp and YJL112w. No B-galactosidase ac-
tivity was detected in Y190 cells transformed with pOBD-
YJL112w, and therefore the pOBD-YJL112w construct was
not self-activating. Two proteins known to interact, p53 and
the large T antigen (Li and Fields, 1993), produced a positive
interaction when expressed as fusion proteins to the Gal4p
DNA-binding and the activation domains, respectively (Fig-
ure 1A).
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Figure 1. The YJL112w protein physically interacts with Dnm1p, a
protein required for mitochondrial division. (A) A yeast two-hybrid
assay shows binding between Dnmlp and Net2p. pOAD-DNM]1,
which expresses Dnm1p fused to the Gal4p DNA-binding domain,
and pOBD-YJL112w, which encodes a YJL112w-Gal4p-activating
domain fusion, were transformed into the gall::LACZ strain Y190.
As a positive control, Y190 was cotransformed with pVA3, encoding
the p53-Gal4p DNA-binding domain fusion, and pTD1, expressing
the large T-antigen fused to the Gal4p-activating domain. As a
control for self-activation, pOBD-YJL112w was transformed into
Y190. B-Galactosidase activity of cells was determined by measur-
ing the hydrolysis of ortho-nitrophenyl-B-p-galactopyranoside. The
average of three separate experiments is shown with SD. (B) Pre-
dicted domains of Net2p. Analysis by the COILS (Lupas et al., 1991)
and WD-repeat (Garcia-Higuera et al., 1996) prediction programs
suggest that Net2p contains a coiled-coil region in the amino termi-
nus and six WD-40 repeats in the carboxyl terminus.

As depicted in Figure 1B, sequence analysis predicts that
YJL112w is an 80-kDa protein that contains WD-40 repeats
in its carboxyl-terminal domain (residues 369-714), and a
coiled-coil region in its amino-terminal domain (residues
222- 300).

Cells Disrupted for NET2 Display a Single
Mitochondrion Composed of an Interconnected
Network of Tubules

To determine whether YJL112w was involved in mitochon-
drial division, we examined yeast cells carrying a disruption
in this gene (see MATERIALS AND METHODS). Wild-type
and disruption strains were transformed with plasmid
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pHS12 (Sesaki and Jensen, 1999), which labels mitochondria
fluorescent green because it expresses a fusion between the
mitochondrial targeting signal from the matrix-localized cy-
tochrome oxidase subunit IV (Cox4) protein and the GFP.
When examined by fluorescence microscopy, we found that
wild-type cells contained 5-10 branched, tubular-shaped mi-
tochondria. In contrast, cells disrupted in YJL112w contained
a single organelle consisting of a network of interconnected
tubules (Figure 2A). A three-dimensional reconstruction of
confocal sections confirmed that one highly branched mito-
chondrion was present in each net2A cell. Thin section elec-
tron micrographs (Figure 2B) showed normal cristae struc-
ture and were consistent with the idea that YJLI112w-
disrupted strains contained interconnected mitochondrial
tubules. We have named the YJL112w gene NET2 for the
complex mitochondrial network observed in the net2 null
mutants. Because net2A mutants, like dnm1A mutants, con-
tain a single mitochondrion per cell, we hypothesized that
Net2p, like Dnm1p, is essential for mitochondrial fission.

Although net2A mutants contained an interconnected net-
work of tubules similar to that seen in dnmlA cells, there
were also noticeable differences in the morphology of the
organelles seen in the two cell types (Figure 2A). In most
dnm1A mutants (83 of 100 total cells), the tubular network of
mitochondria was collapsed at one or both ends of the
organelle, and the mitochondrion was often at the periphery
of the cell. The remaining 17 cells were generally more
rounded in cell shape and showed larger, more spread-out
mitochondrial networks. In contrast to dnm1A cells, the ma-
jority of net2A mutants (86 of 100 total cells) showed com-
pletely open mitochondrial networks that spread through-
out the cell. The remaining 14 cells had smaller
mitochondria with fewer interconnected tubules, but they
still exhibited a visible mitochondrial network. To under-
stand the relationship between Net2p and Dnmlp, we ex-
amined the phenotype of the net2A dnmlA double mutant.
The mitochondrial morphology resulting from the net2A
disruption was epistatic to dnmlA, because dnmlA net2A
double mutants contained a single mitochondrion with in-
terconnected tubules more similar to that seen in net2A cells
(Figure 2A).

Mitochondrial Shape in net2A Mutants Does Not
Depend on the Actin Cytoskeleton

Yeast mitochondria are proposed to interact with the actin
cytoskeleton (Lazzarino et al., 1994), and disruption of actin
filaments by treating cells with latrunculin A causes mito-
chondria to fragment (Boldogh et al., 1998). This latrunculin
A-induced fragmentation of mitochondria depended on
Dnmlp function. In contrast to wild-type cells, dnml1A cells
treated with latrunculin A did not fragment and remained as
a single mitochondrial network (Jensen et al., 2000). How-
ever, instead of the partially collapsed structures seen in
untreated cells, we found that latrunculin A-treated dnmlA
mutants contained completely open mitochondrial net-
works, suggesting that the maintenance of partially col-
lapsed mitochondrial networks in dnm1A mutants depended
on an interaction between mitochondria and the actin cy-
toskeleton (A. Aiken Hobbs, unpublished results; Figure
3A). Phalloidin staining confirmed that actin cables and
patches were disorganized in drug-treated cells. In contrast,
the mitochondrial network seen in net2A mutants was un-
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changed by latrunculin A treatment (Figure 3A). Fully open
tubular networks are seen in net2A cells with or without
drug treatment. These results raised the possibility that
net2A mutants were defective in mitochondria binding to
actin.
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Figure 2. net2A cells contain a single mitochon-
drion composed of an interconnected network of
tubules. (A) Wild-type strain BY4742 (WT), net2A
strain RJ1253, dnm1A strain RJ1188, and net2A dnm1A
strain 1285, each expressing matrix-targeted GFP
from pHS12 (Sesaki and Jensen, 1999), were grown
to mid log phase in synthetic medium with 2% ga-
lactose and examined by DIC and fluorescence mi-
croscopy. Representative images of cells are shown.
Bar, 5 um. (B) Wild-type and nef2A cells were fixed,
embedded, sectioned, and examined by electron mi-
croscopy. Arrows indicate spaces that result from
the interconnected network of tubules that forms a
single mitochondrion in the net2A cells. m, mito-
chondria; n, nucleus. Bar, 0.1 um.

To determine whether Net2p was directly required for the
organization of the actin cytoskeleton, we stained WT and
net2A cells with fluorescent phalloidin and found that the
distribution of actin cables and patches appeared identical in
wild-type and net2A cells (Figure 3B). We therefore con-
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Figure 3. net2A cells display a mitochondrial network similar to dnm1A cells in which the actin cytoskeleton has been disrupted. (A) When
treated with latrunculin A, dnm1A cells exhibit a mitochondrial morphology nearly identical to net2A cells. Strains R] 1188 (dnm1A) and R]
1253 (net2A), both expressing matrix-targeted GFP from pHS12, were grown to ODg, of 0.7 and then incubated with 250 uM latrunculin A
in DMSO (LatA) or an equal volume of DMSO (mock) for 45 min at 24°C. Cells were then examined by DIC and fluorescence microscopy.
Representative images are shown. Bar, 3 um. (B) Actin patches and cables appear normal in net2A cells. Wild-type and net2A cells were fixed
and stained with Alexa594-phalloidin (Molecular Probes, Eugene, OR) to visualize the actin cytoskeleton (Adams and Pringle, 1991).

Representative fluorescent images are shown.

cluded that Net2p was not an integral part of the actin
cytoskeleton but may bind mitochondria and actin.

fz01A net2A Cells Contain Tubular, Nonfragmented
Mitochondria

Mitochondrial division and fusion have been proposed to antag-
onistically regulate mitochondrial number and shape (Sesaki and
Jensen, 1999). In fz01A mutants, which are defective in mitochon-
drial fusion, ongoing division produces numerous mitochondrial
fragments (Figure 4A). In dnm1A mutants, fusion without division
produces a single organelle (Figure 2A). In dnmlA fzolA double
mutants, the number and shape of mitochondria is almost wild
type (Bleazard et al., 1999; Sesaki and Jensen, 1999). Because Net2p
and Dnmlp have similar phenotypes, we tested the idea that
Net2p is required for mitochondrial fission by constructing nef2A
fz01A double mutants and examining their mitochondrial mor-
phology. The double mutant cells contained several normal tu-
bule-shaped mitochondria similar to wild-type cells (Figure 4A).
These seemingly normal tubules in nef2A fzo1 A mutants were not
due to restored fusion activity, because the double mutant was
still defective in the process of mitochondrial fusion normally seen
after cell mating (K. Cerveny, unpublished observations). These
results showed that disruption of NET2 suppresses the mitochon-
drial fragmentation phenotype seen in fzolA mutants and sug-
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gested that Dnm1p and Net2p are both required for mitochon-
drial division.

fz01A mutants rapidly lose mitochondrial DNA (mtDNA), and
this phenotype can be suppressed by inactivating Dnm1p (Blea-
zard et al., 1999; Sesaki and Jensen, 1999). To determine whether
net2A also suppresses the loss of mtDNA in fzolA mutants, we
crossed nef2A (strain RJ1253) to fzo1A (strain RJ1232) and analyzed
the meiotic products (Figure 4B). All eight net?A fzolA double
mutants examined failed to grow on a nonfermentable carbon
source (YEPGE), indicating that nef2A did not suppress the loss of
mtDNA. Direct examination of nef2A fzoIA cells with the fluores-
cent DNA stain, 4',6'-diamindino-2-pheylindole, confirmed that
none of these double mutants contained mtDNA. Although it
appears that disruption of NET?2 differs from dnm]1 deletions, with
regard to suppressing the mtDNA loss of fzo1A cells, it is impor-
tant to note that not all dnmlA fzo1A double mutants maintain
mtDNA. Only ~25% of dnmlA fzolA cells produced in genetic
crosses contain mtDNA (H. Sesaki, unpublished observations).
Whether a small number of nef2A fzolA segregants will retain
mtDNA awaits further studies.

Net2p Is Located in Punctate Structures on the
Mitochondrial Surface

Because the Net2 protein appeared to play a role in mitochon-
drial division, we asked where Net2p was located in the yeast
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Figure 4. Deletion of NET2 suppresses fragmentation of mitochon-
dria seen in fzo1A cells but does not prevent loss of mitochondrial
DNA in fzolA cells. (A) fzolA net2A cells contain normal, tubular
mitochondria. Wild-type (BY4742) and fzolA strain RJ1232, net2A
strain RJ1253, and fzo1A net2A strain RJ1286, all expressing OM45p-
GEFP from pKC2, were grown to mid log phase and viewed by DIC
and fluorescence (fluor.) microscopy. Representative images of cells
are shown. Bar, 5 um. (B) Deletion of NET2 in fzoIA cells does not
suppress the loss of mtDNA in fzoIA cells. NET2/net2A fzo1A/FZO1
(strain RJ1295) cells were sporulated, and a representative tetratype
is depicted growing on medium containing either dextrose (YEPD)
or glycerol plus ethanol (YEPGE) as the carbon source.

cell. We fused the HA epitope of influenza HA (Field et al.,
1988) to the amino terminus of Net2p and expressed this con-
struct in net2A cells. Normal mitochondrial morphology was
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seen in these cells, indicating that the HA-Net2p fusion protein
was functional (see Figure 6). Cells that expressed HA-Net2p
were homogenized and separated into a mitochondrial fraction
and a crude cytosolic pellet by centrifugation at 10,000 X g for
10 min (Figure 5A). Western blots showed that the HA-Net2
protein was found in the mitochondrial pellet along with
Tim23p, a mitochondrial protein (Emtage and Jensen, 1993).
We therefore concluded that HA-Net2p is a mitochondrial
protein. In contrast, a Dnm1p-HA fusion protein (Sesaki and
Jensen, 1999) cofractionated with hexokinase in the cytosol
(Figure 5B). Previous studies showed that Dnmlp associated
with the mitochondria (Otsuga et al., 1998). In light of these
data, it is important to note that the Dnm1p-HA fusion protein
fully complemented the DNM1 deletion (Sesaki and Jensen,
1999). Even when we loaded five times more protein in the
mitochondrial lane for the Dnm1p-HA samples as compared
with the HA-Net2p samples, no Dnmlp was found with the
mitochondrial pellet.

We found that Net2p is peripherally associated with the
mitochondrial outer membrane. As shown in Figure 5C, mito-
chondria isolated from HA-Net2p-expressing cells were
treated with either salt or alkali and separated into a pellet and
supernatant by centrifugation. Western blots showed that HA-
Net2p pelleted with mitochondria after treatment with sodium
chloride. However, after treatment with sodium carbonate, pH
11, HA-Net2p was found in the supernatant along with a
peripheral membrane protein, the B-subunit of the F;-ATPase
(F,B). We concluded that HA-Net2p associated tightly with
mitochondrial membranes. When HA-Net2p-containing mito-
chondria were incubated with trypsin, all of the HA-Net2
protein was digested, similarly to OM45p, a mitochondrial
outer membrane protein that faces the cytosol (Figure 5D; Yaffe
et al., 1989). In contrast, Tim23p, which contains a protease-
sensitive domain that faces the intermembrane space (Ryan et
al., 1998), was protected from digestion by the outer mem-
brane. These results indicated that Net2p associates with the
cytosolic face of the mitochondrial outer membrane.

Immunofluorescence studies localized Net2p to punctate
structures on the mitochondrial surface (Figure 6A). net2A
cells that expressed HA-Net2p were fixed, permeabilized,
and double labeled using antibodies to the HA epitope
(Figure 6, green) and antibodies against the mitochondrial
F,B protein (Figure 6, red). In contrast to F, 8, which showed
uniform staining of mitochondrial tubules, virtually all of
the HA-Net2p associated with the mitochondria in dot-like
structures. Three-dimensional reconstructions of merged
F,B (red) and HA-Net2p (green) confocal images confirmed
the mitochondrial location of the HA-Net2p dots (K. Cer-
veny, unpublished observations). On average, we observed
between 7 and 16 HA-Net2p dots per yeast cell. Generally
the dots appeared to be distributed along the tubules and
were often found at branch points in the mitochondrial
network (see Figure 6A). Interestingly, of 25 budded cells
examined, all 25 cells had at least one Net2p-containing dot
in the bud neck (Figure 6A), suggesting that the bud neck is
one place where mitochondrial division always occurs.

Net2p and Dnmlp Colocalize in Yeast Cells but
Associate with Mitochondria Independently of
Each Other

Previous studies showed that Dnm1p localizes to the mito-
chondrial surface in large, punctate structures (Bleazard et
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Figure 5. Net2p is peripherally associated with the mitochondrial
outer membrane. (A) Net2p cofractionates with mitochondria. net2A
cells expressing HA-Net2p from pKC5 were subjected to cell fraction-
ation. Aliquots of homogenate (H), cytosol (C), and mitochondria (M)
representing equivalent numbers of cells were subjected to SDS-PAGE
and analyzed by Western blotting with antibodies to the HA-epitope
(HA-Net2p), hexokinase, and Tim23p. (B) Dnmlp is found in the
cytosol after cell fractionation. dnmlA cells expressing Dnmlp-HA
from pHS14 (Sesaki and Jensen, 1999) were treated and analyzed as in
A except that 100 ug of total protein was loaded per lane. (C) Net2p is
a peripheral membrane protein. Mitochondria (150 ug) from nef2A
cells expressing HA-Net2p from pKC5 were resuspended to a concen-
tration of 1 mg/ml total protein in either 0.1 M Na,CO;, pH 11, 0r 1M
NaCl and then centrifuged at 100,000 X g for 60 min. Equal amounts of
pellets (P) and supernatants (S) were subjected to SDS-PAGE and
analyzed by Western blotting with antibodies to the HA epitope (HA-
Net2p), the B-subunit of the F;-ATPase (F,8), and Tim23p. (D) Net2p
associates with the mitochondrial outer membrane. mitochondria (150
g, 1 mg/ml) from cells expressing HA-Net2p were incubated either in
the presence (+) or absence (—) of trypsin (150 ug/ml) on ice for 20
min in breaking buffer (0.625 M sucrose in 20 mM HEPES, pH 7.4).
Lima bean trypsin inhibitor (Sigma) was then added to a concentration
of 2 mg/ml. Mitochondria were pelleted and subjected to SDS-PAGE
and analyzed by Western blotting with antibodies directed against the
HA epitope (HA-Net2p), OM45p, and Tim23p.
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al., 1999; Sesaki and Jensen, 1999), similar to HA-Net2p.
Because yeast two-hybrid analysis suggested that Dnmlp
and Net2p physically interact (Uetz et al., 2000; Figure 1), we
asked whether these proteins also coaligned in vivo. When
yeast cells that expressed HA-Net2p and a Dnmlp-GFP
fusion proteins were examined by immunofluorescence mi-
croscopy, both Net2p and Dnmlp were found in similar
dot-like structures on the mitochondrial surface (Figure 6B).
When red and green images were merged, a variable num-
ber of dot-like structures contained both Dnm1p and Net2p.
For example, in one cell, 9 of 11 punctate dots contained both
proteins (Figure 6B, left). In another cell, 7 of 14 dots con-
tained Dnm1p and Net2p (Figure 6B, right). Quantitation of
30 total cells showed that colocalization ranged from 50 to
90%. However, when 25 budded cells were examined, every
punctate structure found in the bud neck always contained
both Dnmlp and Net2p. Specifically, of 32 HA-Net2p dots
located in the bud necks, all colocalized with Dnm1p-GFP.
We concluded that Dnmlp and Net2p physically associate
on the mitochondrial surface, and we hypothesized that the
Dnml1p-Net2p interaction is dynamic.

Net2p and Dnmlp appear to associate at sites of active
mitochondrial division. We examined mitochondria in
cells expressing HA-Net2p and Dnm1p-MYC fusion pro-
teins by immunogold electron microscopy. To quantitate
the association of Net2p and Dnmlp and their relation-
ship to mitochondrial constriction sites, a total of 69 clus-
ters of gold particles containing Dnmlp, Net2p, or both
Dnm1p and Net2p were counted. Mitochondrial constric-
tions appear to represent sites of ongoing division. For
example, Figures 7, A and C, shows intermediate constric-
tions, and Figure 7B is an example of a mitochondrial
tubule that appears almost completely divided. When
both Net2p and Dnmlp were found together, they were
located at constrictions in the mitochondrial tubule nearly
84% of the time (Figure 7E). In contrast, only 30% of the
clusters containing either Net2p (n = 21) or Dnmlp (n =
17) were found at mitochondrial constrictions (Figure 7E).
We found that the number of clusters containing only
Net2p or Dnmlp were evenly distributed between the
ends of mitochondria and the sides of tubules (Figure 7E).
Our results therefore suggest that Net2p and Dnmlp to-
gether act to catalyze mitochondrial fission.

We found that Dnmlp does not require Net2p for its
mitochondrial association. In net2A cells that expressed
Dnm1p-GFP, we found that Dnm1p was localized in punc-
tate dots on the mitochondrial tubules, virtually identical in
size and number to those seen in wild-type cells (compare
Figures 6B and 8C). Similarly, Net2p localization to mito-
chondria did not depend on Dnm1p function. When dnm1A
cells that expressed HA-Net2p were fractionated by differ-
ential centrifugation, HA-Net2p pelleted with the mitochon-
drial fraction (Figure 8B). However, we found that localiza-
tion of Net2p to punctate dots on mitochondria required
Dnmlp. When dnmlA cells expressing HA-Net2p were ex-
amined, we found Net2p evenly distributed on the mito-
chondrial surface (Figure 8A). Our results suggest that re-
cruitment of Net2p into dot-like structures requires Dnm1p
function, but binding to mitochondria is independent of the
Dnm1 protein.
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HA-Net2p HA-Net2p

Dnm1p-GFP

Figure 6. Net2p forms punctate structures that colocalize with mitochondria and with Dnm1p. (A) net2A cells expressing HA-Net2p from
pKC5 were fixed, permeabilized, and then incubated with antibodies to the HA epitope and the mitochondrial protein, F;8. Immune
complexes were detected with either rhodamine-conjugated secondary antibodies (F,8) or FITC-linked antibodies (HA-Net2p), and cells were
examined by DIC and fluorescence microscopy. Single and merged images are shown. Bar, 5 um. (B) Most of Net2p-HA colocalizes with
Dnm1p-GFP. net2A dnmlA cells (R]1285) that expressed HA-Net2p from pKC5 and Dnm1p-GFP from pKC11 were fixed, permeabilized, and
incubated with HA antibodies. Cells were then incubated with CY3-conjugated goat anti-mouse immunoglobulin G. Representative images
from the green (Dnm1p-GFP) and red (HA-Net2p) channels, as well as merged images, are shown. Bar, 5 um.
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DISCUSSION

Our results indicate that Net2p is a new protein required for
the division of mitochondria in yeast. For example, net2A
cells have a single mitochondrion composed of intercon-
nected tubules instead of the 5-10 separate tubules seen in
wild-type cells. This phenotype is very similar to that seen in
cells lacking Dnm1p, a protein previously shown to be re-
quired for mitochondrial scission (Bleazard et al., 1999;
Sesaki and Jensen, 1999). In addition, disruption of NET2
suppresses the fragmentation of mitochondria in fzoIA cells.
net2A fzolA double mutants contain tubule-shaped mito-
chondria very similar to those seen in wild-type cells. Sim-
ilar results were seen previously in dnml fzol double mu-
tants (Sesaki and Jensen, 1999). These results indicate that
both net2 and dnml mutants are defective in division of
mitochondria, an activity that is antagonistic to fusion. We
speculate that mitochondrial number and shape is normally
controlled by a balance between division, mediated by
Net2p and Dnmlp, and fusion, mediated by Fzolp. The
physical interaction between Net2p and Dnmlp provides
additional evidence that Net2p plays a role in mitochondrial
division.

NET?2 encodes a novel 80-kDa protein that is predicted to
contain six WD-40 repeats in its carboxyl terminus and an
amino terminal coiled-coil region. The WD-40 repeats are
predicted to form a B-propeller tertiary structure, which has
been implicated in a wide variety of protein-protein inter-
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Figure 7. Net2p and Dnm1p colocalize at constriction sites along mito-
chondrial tubules. (A-D) Immunoelectron micrographs show colocaliza-
tion of HA-Net2p and Dnmlp-MYC at sites of mitochondrial division.
net2A dnmIA cells (R]1285) expressing HA-Net2p from pKC5 and Dnm1p-
MYC from pKC13 were fixed, embedded, and frozen. Cryosections were
incubated with mouse antibodies to the HA epitope and rabbit antibodies
to the MYC epitope, followed by incubation with anti-mouse antibodies
conjugated to 5-nm gold particles (HA-Net2p) and anti-rabbit antibodies
linked to 10-nm gold particles (Dnm1p-MYC). After the sections were
stained, they were examined by electron microscopy. Arrows indicate
clusters of gold particles at mitochondrial constrictions. m, mitochondria.
Bar, 0.5 um. (E) Quantitation of the immunogold electron micrographs
show that the majority of Net2p-Dnm1lp-containing complexes are found
at sites of mitochondrial division. A total of 69 clusters of gold particles
containing Net2p (black bars), Dnm1p (white bars) or both Net2p and
Dnm1p (hatched bars) were counted and grouped based on their locations
along the mitochondria.

actions (Garcia-Higuera et al., 1996). Coiled-coil motifs have
also been found to mediate the association between many
different proteins (Lupas, 1996). Because the Net2 protein
interacts with Dnm1p in the yeast two-hybrid assay, we are
currently testing which domain of Net2p is required for
Dnmlp binding. It is tempting to speculate that the amino-
terminal coiled-coil region of Net2p may interact with the
GTPase effector domain of Dnmlp, which also appears to
contain a coiled-coil motif.

Immunofluorescence studies indicate that both Net2p and
Dnmlp are located in punctate structures on the surface of
mitochondrial tubules. We found that a variable number of
these dot-like complexes contain both Dnm1p and Net2p. In
some cells, we found that ~50% of the dots contained Net2p
and Dnmlp, whereas in other cells, more than 90% of the
dot-like structures contained both proteins. The remaining dot-
like structures contained either Net2p or Dnmlp alone.
Immmunogold electron microscopy also indicates that the
punctate dots contain Net2p, Dnmlp, or both Net2p and
Dnm1p. Our results suggest that the Net2p-Dnm1p interaction
is dynamic. We propose that structures containing both Net2p
and Dnmlp are active in mitochondrial division, whereas
those that contain only Net2p or Dnmlp are pre- or postdivi-
sion complexes. Supporting this idea, immunogold staining
showed that sites of mitochondrial constriction are enriched in
complexes containing both Net2p and Dnm1p. We also found
that in the neck region of budded cells Dnm1p and Net2p were
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Figure 8. Net2p and Dnmlp do not recruit each other to the mitochon-
drial outer membrane. (A) Location of Net2p in dnmlA cells. dnm1A cells,
strain RJ1188, expressing HA-Net2p from pKC5 were grown to ODy, of
0.8 in synthetic medium with 2% galactose and subjected to cell fraction-
ation. Aliquots of homogenate (H), cytosol (C), and mitochondria (M)
representing equivalent numbers of cells were subjected to SDS-PAGE
and analyzed by Western blotting with antibodies against the HA epitope
(HA-Net2p), hexokinase, and Tim23p. (B) Formation of punctate struc-
tures containing Net2p requires Dnmlp. net2A dnmlA cells (RJ1285),
expressing HA-Net2p from pKC5, were fixed, permeabilzed, and then
incubated with antibodies to the HA epitope and the mitochondrial F, 8
protein. Immune complexes were visualized with FITC-conjugated anti-
bodies (F;8) and CY3-linked antibodies (HA-Net2p). Representative im-
ages from the green (F,8) and red (HA-Net2p) channels are shown. (C)
Localization of Dnmlp in net2A cells. net2A strain RJ1253, constitutively
expressing Dnm1p-GFP from pHS20 (Sesaki and Jensen, 1999), was trans-
formed with pHS51, which expresses Cox4-RFP under the control of the
galactose-inducible GAL1 promoter. Cells were grown in media with 2%
raffinose to an ODgy, of 0.3 and then resuspended in synthetic medium
containing 2% galactose and 2% sucrose for 2.5 h to induce expression of
matrix-targeted RFP. Cells were then examined by DIC and fluorescence
microscopy. A representative merged image from the red (cox4-RFP
mitochondria) and green (Dnm1p-GFP) is shown. Bar, 5 wm. Note that the

always associated, and at least one punctate dot in the bud
neck contained both Net2p and Dnm1p. Because the bud neck
is the site of cytokinesis, it is plausible that cells activate divi-
sion at this site to ensure the segregation of mitochondria to
both mother and daughter cells.

While this paper was in review, two reports were pub-
lished also describing the isolation and characterization of
Net2p, called either Mdvlp (Tieu and Nunnari, 2000) or
Gag3p (Fekkes et al., 2000). Both papers similarly concluded
that Net2p/Mdv1lp/Gag3p is a mitochondrially associated,
Dnmlp-interacting protein required for division. However,
Tieu and Nunnari (2000) concluded that all of the punctate
structures on the mitochondrial surface contained both
Mdvlp and Dnmlp. They did not observe dots that con-
tained only Mdvlp or only Dnmlp. It is possible that the
results of the two papers differ because our microscopy was
done after cells were fixed, whereas Tieu and Nunnari ex-
amined live cells. Alternatively, the GFP-Mdvlp construct
used by Tieu and Nunnari was overproduced by expression
from the GAL1 promoter, possibly altering the distribution
of Mdvlp. Clearly, the interaction between Dnmlp and
Net2p/Mdv1lp/Gag3p requires additional study.

We found that localization of Net2p to mitochondria does
not require Dnmlp but that the punctate distribution of
Net2p is dependent on Dnm1p function. Cell fractionations
show that Net2p remains associated with mitochondria.
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upper two cells are not expressing Cox4-RFP.

However, in dnmlA cells Net2p is evenly distributed along
mitochondrial tubules and not in punctate dot-like struc-
tures. In cell fractionations, the Net2p protein remains on the
mitochondrial surface, whereas Dnm1p is found in the post-
mitochondrial supernatant. In intact cells, however, most of
a Dnm1p-GFP fusion protein and all of HA-Net2p fusion is
located in punctate structures on the mitochondrial surface.
These results indicate that the association of Dnmlp with
mitochondria is more labile than that of Net2p. They also
raise the possibility that Net2p plays a role in anchoring
Dnm1p onto the mitochondrial surface. Arguing against this
idea, we found that Dnm1-GFP remains associated with
mitochondria in net2A cells. Therefore, Dnmlp associates
with the mitochondrial outer membrane by a mechanism
independent of Net2p. Although Dnm1lp-GFP-containing
dots are located on the mitochondrial tubules in net2A cells,
division does not occur in the absence of the Net2p protein.
Recently, a mitochondrial outer membrane protein, called
Fislp, was shown to mediate mitochondrial fission (Mozdy
et al. 2000). In fis1 mutants, only some of Net2p and none of
the Dnm1 protein remained bound to mitochondria, sug-
gesting that Fislp plays a role in recruiting both proteins to
the mitochondrial surface (Mozdy et al. 2000).

Our results also suggest that the actin cytoskeleton is some-
how involved in mitochondrial division. Yeast mitochondria
appear to interact with the actin cytoskeleton (Drubin et al.,
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1993; Lazzarino et al., 1994; Smith et al., 1995). Although this
association has been implicated in mitochondrial shape and
movement, it is also likely that an actin-mitochondria interac-
tion plays a role in division and fusion. Disruption of the actin
network with latrunculin A causes mitochondria to fragment
(Boldogh ef al., 1998), and this fragmentation requires Dnm1p
(Jensen et al., 2000; see Figure 3). Our results raise the possibil-
ity that Net2p/Mdv1p/Gag3p mediates a connection between
the division machinery and actin. In dnml1A mutants, mito-
chondrial networks are partially collapsed, but treatment of
dnmlA cells with latrunculin A results in completely open
networks. Thus, the collapsed networks seen in untreated cells
appear to result from an interaction with actin. In contrast,
net2A networks are fully open even in the absence of latruncu-
lin A treatment, suggesting that the association of mitochon-
dria with actin requires Net2p/Mdv1p/Gag3p. Experiments to
test this possibility directly are in progress. Recently, Ochoa et
al., (2000) found a functional link between dynamin and the
actin cytoskeleton and proposed that actin assists in endocytic
vesicle formation. They suggested that an actin cytoskeletal
scaffold forms around the neck of endocytic vesicles in a dy-
namin-dependent manner and provides the force for mem-
brane fission (Ochoa et al., 2000). The role of the actin cytoskel-
eton in yeast mitochondrial division awaits further studies.

Several possible models explain how Net2p functions
with Dnmlp to divide mitochondria. For example, Net2p
and Dnmlp may both act directly to pinch mitochondria.
Dnmlp is a homologue of dynamin that has been proposed
to function as a mechanochemical pinchase (Hinshaw and
Schmid, 1995). Dnm1p and Net2p may function together to
constrict and pinch mitochondrial membranes. Supporting a
direct role for both Dnm1p and Net2p, we found that over-
expression of Dnmlp in net2A mutants does not rescue the
mitochondrial division defect, and multicopy plasmids con-
taining NET2 do not restore fission in dnmlA cells. In a
second model, Net2p divides mitochondria after activation
by Dnmlp. Dynamin has been proposed to regulate the
endocytic fission machinery (Sever et al., 1999), such as the
lipid-modifying endophilin protein (Schmidt et al., 1999). By
analogy, Dnmlp may stimulate activity of Net2p and other
members of the mitochondrial fission machinery. Alterna-
tively, Net2p may regulate the activity of Dnmlp. For in-
stance, Net2p may enhance the GTPase activity of Dnm1p or
stimulate the exchange of GDP for GTP. Clearly, additional
studies are needed to elucidate the mechanisms by which
Dnmlp and Net2p mediate mitochondrial fission. Further-
more, because both Dnm1p and Net2p are associated with
the mitochondrial outer membrane, it will be interesting to
determine whether scission of the mitochondrial inner mem-
brane requires machinery separate from that required for
outer membrane division.
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