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Dnmlp belongs to a family of dynamin-related GTPases required to remodel different cellular
membranes. In budding yeast, Dnm1p-containing complexes assemble on the cytoplasmic surface
of the outer mitochondrial membrane at sites where mitochondrial tubules divide. Our previous
genetic studies suggested that Dnm1p’s GTPase activity was required for mitochondrial fission
and that Dnm1p interacted with itself. In this study, we show that bacterially expressed Dnmlp
can bind and hydrolyze GTP in vitro. Coimmunoprecipitation studies and yeast two-hybrid
analysis suggest that Dnm1p oligomerizes in vivo. With the use of the yeast two-hybrid system,
we show that this Dnm1p oligomerization is mediated, in part, by a C-terminal sequence related
to the GTPase effector domain (GED) in dynamin. The Dnm1p interactions characterized here are
similar to those reported for dynamin and dynamin-related proteins that form higher order
structures in vivo, suggesting that Dnmlp assembles to form rings or collars that surround
mitochondrial tubules. Based on previous findings, a K705A mutation in the Dnmlp GED is
predicted to interfere with GTP hydrolysis, stabilize active Dnm1p-GTP, and stimulate a rate-
limiting step in fission. Here we show that expression of the Dnm1 K705A protein in yeast
enhances mitochondrial fission. Our results provide evidence that the GED region of a dynamin-

related protein modulates a rate-limiting step in membrane fission.

INTRODUCTION

In the budding yeast Saccharomyces cerevisiae, mitochondrial
membranes form a branched, tubular network located near the
cell surface (reviewed in Hermann and Shaw, 1998). The mor-
phology of the mitochondrial network is maintained by oppos-
ing fission and fusion events (Nunnari et al., 1997). Genetic and
morphological studies indicate that mitochondrial fission is
regulated by a predicted GTPase called Dnm1p, which assem-
bles on the outer mitochondrial membrane at sites where fis-
sion occurs (Otsuga et al., 1998; Bleazard et al., 1999; Sesaki and
Jensen, 1999). Dnm1p belongs to a large family of dynamin-
related GTPases required to remodel different cellular mem-
branes (van der Bliek, 1999a). Recent studies indicate that
Dnm1p-catalyzed mitochondrial fission is a multistep process
requiring two additional proteins called Fislp and Mdvlp
(Fekkes et al., 2000; Mozdy et al., 2000; Tieu and Nunnari, 2000).
Fislp is an outer mitochondrial membrane protein that plays
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both an early role in Dnmlp complex assembly and a late role
in membrane constriction and/or fission (Mozdy et al., 2000).
Mdvlp is thought to bind directly to Dnm1p and is essential
for Dnmlp complex function after assembly (Tieu and Nun-
nari, 2000).

Sequence comparisons have identified four distinct struc-
tural domains in Dnmlp including an N-terminal GTPase
domain, a Middle domain, Insert B, and a C-terminal do-
main with alpha-helical character called the alpha helical/
GTPase effector domain (AH/GED) (van der Bliek, 1999a).
An intact GTPase domain is required for mitochondrial fis-
sion because alleles of DNM1 containing GTPase domain
mutations fail to rescue mitochondrial fission defects in a
dnm1 null strain (Otsuga et al., 1998). Moreover, the same
GTPase mutant forms of Dnmlp induce dominant mito-
chondrial fission defects in cells expressing wild-type
Dnmlp (Otsuga et al., 1998). These dominant defects could
arise because mutant Dnm1p proteins coassemble with, and
disrupt the function of, wild-type Dnmlp, increasing the
possibility that oligomerization is required for the function
of wild-type Dnmlp in vivo.

Self-assembly /oligomerization is thought to play an im-
portant role in regulating the activity of dynamin. Dynamin
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tetramers assemble to form rings/collars at the base of clath-
rin-coated pits that are required for the scission and release
of clathrin-coated vesicles (de Camilli et al., 1995; Schmid,
1997; Hinshaw, 2000). Formation of these rings/collars stim-
ulates dynamin’s GTPase activity (Warnock et al., 1996). It
was recently proposed that this stimulation occurs because a
novel domain in dynamin, called the GED, functions as an
assembly-dependent GTPase-activating protein (GAP) (Sev-
er et al., 1999). GED mutations that alter either 1) a cis-acting
catalytic residue required for GTPase activation (dyn
R725A), or 2) a residue required in trans for both assembly
and hydrolysis (dyn K694A), impair dynamin’s GED-stim-
ulated GTPase activity (Sever et al., 1999). When overex-
pressed in mammalian cells, both of these mutant forms of
dynamin increase the rate of formation of constricted coated
pits, the rate-limiting step in endocytosis. However, mem-
brane fission and coated vesicle release is blocked by dyn
R725A but occurs normally in dyn K694A (Sever et al., 1999,
2000). Sever et al. (1999, 2000) suggested that these findings
argue against a mechanochemical role for dynamin (Kelly,
1999; van der Bliek, 1999b; Yang and Cerione, 1999). Instead,
they proposed that dynamin acts as a regulatory GTPase
during endocytosis. In this regulatory role, dynamin:GTP
would control the formation of constricted coated pits and
the recruitment of dowstream partners required for mem-
brane fission. GTP hydrolysis by dynamin would then be
required to remove it from the membrane so that the sub-
sequent fission step could occur.

Studies to date have not distinguished between a regula-
tory and a mechanochemical role for the Dnm1p GTPase in
mitochondrial fission. In vivo, Dnm1p localizes to punctate
complexes on the cytoplasmic face of the mitochondrial
network (Otsuga et al., 1998). We and others have proposed
that these complexes are composed of higher ordered
Dnmlp structures organized as collars surrounding mito-
chondrial tubules (Bleazard et al., 1999; Mozdy et al., 2000;
Tieu et al., 2000). Immunogold labeling studies reveal that
these Dnm1p complexes cluster at sites where mitochondrial
tubules are constricted (Bleazard et al., 1999). Based on the
dynamin GED analysis published by Sever et al. (1999, 2000),
we favor a model in which Dnm1p:GTP controls the forma-
tion of constricted mitochondrial tubules and the recruit-
ment/activity of downstream partners required for fission.
GTP hydrolysis by Dnmlp might then lead to the actual
fission event. In this study, we provide experimental evi-
dence that validates several aspects of this model. First, we
show that Dnm1p binds and hydrolyzes GTP in vitro. Sec-
ond, we demonstrate that Dnm1p forms an oligomeric com-
plex with itself in vivo. Third, with the use of a GED muta-
tion predicted by Sever et al. (1999) to prolong the GTP-
bound state of Dnm1p, we provide evidence suggesting that
Dnmlp controls a rate-limiting step in mitochondrial fission.
Although these findings do not eliminate a mechanochemi-
cal role for Dnmlp in fission, they raise the possibility that
Dnm1p functions as a classical GTPase to regulate distinct
steps during mitochondrial division.

MATERIALS AND METHODS

Yeast Strains and Methods

AllJSY and ADM strains are derivatives of the FY10 strain (Winston
et al., 1995). Standard genetic methods were used to grow, trans-
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form, and manipulate yeast (Sherman et al., 1986; Guthrie and Fink,
1991) and bacterial (Maniatis et al., 1982) strains. All mutations,
disruptions, tag insertions, and replacements were confirmed by
polymerase chain reaction, DNA sequencing and, where appropri-
ate, Western blotting. Strains used were as follows: JSY1361, Mat a
ura3-52 leu2A1 his3A200 dnm1A::HIS3 FZO1; PJ69-4A, Mat a trp1-901
leu2-3112 ura3-52 his3A200 gal4A gal80A LYS2:GAL1-HIS3 GAL2-
ADE2 met2::GAL7-lacZ (James et al., 1996); ]SY3096, Mat « ura3-52,
leu2A1, his3A200 DNM1 FZO1; JSY3097, Mat a ura3-52, leu2Al,
his3A200 dnm1A::HIS3 FZO1; ADM52, Mat a ura3-52 leu2 A1 his3A200
DNM1 fzol-1; ADM755, Mat a ura3-52 leu2Al1 his3A200 trp1A63
dnml::HIS3 FZO1; ]SY3163 Mat a wura3-52 leu2Al his3A200
dnm1A::HIS3 fzo1-1; and JSY3164, Mat « ura3-52 leu2A1 his3A200
dnm1A::HIS3 FZO1.

Plasmid Construction

For pET23a-DNM1 (Dnm1-6xHisp), a full-length DNM1 fragment
flanked by BamHI/Sall sites was cloned into pET23a (Novagen,
Madison, WI). For pRL-3xHA-DNM1 (3xHA-Dnmlp) and pRU-
3xMyc-DNM1 (3xMyc-Dnm1p), a Notl site was engineered in pRL1-
DNM1 and pRU1-DNM1 (Otsuga ef al., 1998) just after the DNM1
start codon to create pRL1-NotI-DNM1 and pRU1-NotI-DNM]1, re-
spectively. The 3x HA and 3x Myc fragments generated by Notl
digest from pMPY-3xMyc and pMPY-3xHA (Schneider et al., 1995)
were cloned into pRL1-NotI-DNM1 and pRU1-NotI-DNM1. To gen-
erate two-hybrid expression vectors maintained at low copy in
Escherichia coli, the BamHI and Sall sites in both YEp24 and YEp213
were destroyed by site-directed mutagenesis. The GAL4 DNA bind-
ing domain from pGBDU-C1 (James ef al., 1996) or the GAL4 DNA
activation domain from pGAD-C1 (James et al., 1996) was cloned
into the Sphl sites of the modified YEp24 and YEp213 vectors to
create pRUBD-C1 and pRLAD-C1, respectively. Polymerase chain
reaction fragments encoding different DNM1 domains were cloned
into the BamHI and Sall sites of pRUBD-C1 and pRLAD-C1.
YEp213-dnm1%7%4 and YEp213-dnm1R73¢4 were generated by site-
directed mutagenesis of YEp213-DNM1 (Otsuga et al., 1998).

Expression and Purification of Dnmlp-6XHis

BL21(DE3) E. coli cells (Novagen) containing pET23a-DNM1 (encod-
ing Dnm1-6xHisp) were grown in LB medium plus carbenicillin
and induced with 0.4 mM isopropyl B-p-thiogalactoside. The
Dnm1-6xHisp fusion protein was purified from cleared cell lysates
by sequential chromatography on Ni** affinity and gel filtration
columns.

GTP Binding and Hydrolysis

To perform the UV cross-linking assay, 1 ug of purified Dnm1-
6xHisp in buffer containing 20 mM piperazine-N,N’-bis(2-ethane-
sulfonic acid), 20 mM HEPES 7.0, 2 mM MgCl,, 1 mM dithiothreitol,
10 pCi [e-32P]GTP, and 25% ethylene glycol was incubated on ice
and exposed to UV light for 30 min as described previously (Melen
et al., 1994; Warnock et al., 1996). Reactions terminated by boiling in
Laemmli sample buffer were separated by SDS-PAGE and analyzed
by autoradiography. To measure GTP hydrolysis, reactions contain-
ing 4 pg of purified Dnm1-6xHisp were initiated in buffer contain-
ing 20 mM piperazine-N,N'-bis(2-ethanesulfonic acid), 20 mM
HEPES 7.0, 2 mM MgCl,, 1 mM dithiothreitol, 1 mM GTP, and 1 uCi
[a-*?P]GTP. Aliquots removed at the indicated times were spotted
onto phosphocellulose thin-layer chromatography plates (J. T.
Baker, Phillipsburg, NJ). The GDP pool was separated from the GTP
pool by chromatography in formic acid:LiCl, buffer (Melen et al.,
1994; Warnock et al., 1996). After drying, radiolabeled nucleotide
spots were visualized and quantified with the use of a phosphorim-
ager.
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Coimmunoprecipitation Studies and Yeast Two-
Hybrid Analysis

Cell lysates prepared by glass bead lysis in Lysis/IP buffer (50 mM
Tris-HCI pH 7.5, 100 mM NaCl, 5 mM EDTA, 0.07% TX-100, 1 mM
phenylmethylsulfonyl fluoride, leupeptin [1 ug/ml], and aprotinin
[1 pg/ml]) were incubated with either anti-hemagglutinin (HA)
(Covance Research Products, Richmond, CA) or anti-Myc (Santa
Cruz Biochemicals, Santa Cruz, CA) affinity matrix at 4°C for 4 h.
Immunoprecipitates collected by centrifugation were washed three
times in Lysis/IP buffer, boiled in Laemmli sample buffer, and
analyzed by SDS-PAGE and Western blotting with the indicated
antibodies. Yeast two-hybrid studies with the use of the plasmids
described in Figure 3 were performed essentially as described
(James et al., 1996).

Quantification of Mitochondrial Morphology

Mitochondrial morphology was scored by DiOCg staining in DNM1
and dnmlA cells containing YEp213-dnm1¥7°4, YEp213-dnm1R7304,
or YEp213-DNM1 as described previously (Hermann ef al., 1997,
1998; Otsuga et al., 1998; Bleazard ef al., 1999). Digital microscopic
images of cells were acquired with the use of a confocal microscope

(Carl Zeiss, Thornwood, NY) as described previously (Hermann et
al., 1998; Otsuga et al., 1998).

RESULTS

Dnmlp Binds and Hydrolyzes GTP

To test whether the predicted GTPase domain of Dnmlp
was functional, we performed GTP cross-linking and hydro-
lysis assays with the use of a bacterially expressed form of
Dnm1lp containing a C-terminal 6xHis affinity tag (Dnml-
6xHisp). When analyzed by SDS-PAGE, Dnm1-6xHisp en-
riched by Ni?* chromatography was the predominant Coo-
massie blue-stained band, although some lower molecular
weight proteins were present (Figure 1A, lane 1; the arrow
marks Dnm1-6xHisp). As shown in Figure 1B lane 3 (ar-
row), only the full-length Dnm1-6xHis protein was labeled
when this fraction was incubated with [«-3?P]GTP and ex-
posed to UV, indicating that Dnm1-6xHisp bound GTP. No
cross-linking was observed in control fractions containing
bovine serum albumin (BSA) (Figure 1, A [lane 2] and B
[lane 4]). In similar studies, Dnm1-6xHisp was not cross-
linked to [a-*?P]ATP or [a-3?P]JCTP (our unpublished re-
sults). Moreover, no labeling was detected when cross-link-
ing was performed with Dnm1-6xHisp protein containing
K41A or S42N mutations predicted to interfere with GTP
binding/hydrolysis (our unpublished results).

As shown in Figure 1C, Dnm1-6xHisp also hydrolyzed
GTP. Over a 60-min time-course, [a-*>?P]GTP was converted
to [a-3?P]GDP in fractions containing Dnm1-6xHisp but not
BSA or buffer alone (Figure 1C; B, buffer alone). The rate of
GTP hydrolysis by Dnm1-6xHisp was ~5 moles of GTP
hydrolyzed /min/mol of Dnm1-6xHisp, consistent with the
rate of GTP hydrolysis determined for dynamin (Warnock et
al., 1996). Because we have not yet established conditions for
oligomerization of bacterially expressed Dnm1p, this num-
ber probably represents the intrinsic or basal rate of GTP
hydrolysis.

Dumlp Intermolecular Interactions

Intermolecular interactions are required for the higher order
assemblies and/or functions of dynamin (Hinshaw, 2000) and
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Figure 1. Dnml-6xHisp Binds and Hydrolyzes GTP. (A) Coomas-
sie blue-stained gel showing partially purified Dnm1-6xHisp (lane
1, see arrow) and BSA (lane 2). (B) Autoradiogram showing
[a-3?P]GTP UV cross-linking to Dnm1-6xHisp in A (lane 3, see
arrow). (C) Autoradiogram of thin-layer chromatography showing
the time course of [a-3?P]GTP hydrolysis by Dnm1-6xHisp. The
calculated rate of GTP hydrolysis is 5 mol of GTP hydrolyzed/min/
mol of Dnm1-6xHisp. The 60-min time point is shown for BSA and
buffer (B) alone.

dynamin-related proteins, including Dnm1p/Vpslp-like pro-
tein (Shin ef al., 1999), MxA (Schumacher and Staeheli, 1998;
Flohr et al., 1999), and phragmoplastin (Zhang et al., 2000). To
determine whether Dnm1p was in a complex with itself in the
yeast cytoplasm, we performed coimmunoprecipitation exper-
iments from wild-type yeast cells expressing both N-terminal
HA- and Myc-tagged Dnmlp. Both tagged forms of Dnmlp
partially rescued the dnmlA phenotype, indicating that they
retain function in vivo (our unpublished results). When HA-
Dnmlp was immunoprecipitated from cleared cell lysates con-
taining both tagged proteins with the use of anti-HA affinity
matrix (Figure 2, lane 8, anti-HA Western blot), Myc-Dnm1
protein was also detected in the precipitated fraction (Figure 2,
lane 8, anti-Myc Western blot). Similarly, when Myc-Dnm1p
was immunoprecipitated from lysates expressing both tagged
proteins with anti-Myc affinity matrix (Figure 2, lane 9, anti-
Myc Western blot), HA-Dnml protein was detected in the
precipitated fraction (Figure 2, lane 9, anti-HA Western blot).
No coimmunoprecipitation was observed when similar exper-
iments were performed with the use of cell lysates expressing
only the HA-Dnmlp (Figure 2, lanes 2 and 3) or the Myc-
Dnmlp (Figure 2, lanes 5 and 6) proteins. These results indicate
that Dnm1p is in a complex with itself in vivo. Presumably, the
small amount of HA-Dnmlp coimmunoprecipitated with
Myc-Dnmlp (and vice versa) reflects the fact that only a frac-
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Figure 2. Coimmunoprecipitation of HA- and
Myc-tagged Dnm1p from yeast extracts. Cleared cell
lysates were prepared from cells expressing HA-
tagged Dnmlp (lanes 1-3), Myc-tagged Dnmlp
(lanes 4-6), or both HA- and Myc-tagged Dnmlp
(lanes 7-9). Lysates (lanes 1, 4, and 7) immunopre-
cipitated with anti-HA (lanes 2, 5, and 8) or anti-Myc
(lanes 3, 6, and 9) affinity matrix were analyzed by
SDS-PAGE and Western blotting with monoclonal
anti-HA (top) and anti-Myc (bottom) antibodies. The
asterisk indicates background bands that precipitate
with the anti-Myc antibodies. Arrows mark the po-
sition of the full-length tagged Dnm1 proteins.

Blotting Al

tion of Dnmlp in the cell is in a complex or oligomerized at
steady state (Otsuga et al., 1998). Moreover, we and others have
observed that Dnmlp complexes are unstable after cell lysis
(Otsuga et al., 1998; Tieu and Nunnari, 2000).

The two-hybrid system described by James et al. (1996)
was used to determine which Dnm1p domain(s) facilitated
Dnmlp-Dnmlp interactions. Figure 3A shows a schematic
representation of the Dnmlp constructs cloned into the
binding domain (BD) and activating domain (AD) vectors
used for these studies. As shown in Figure 3B, yeast host
strains containing combinations of empty vector controls,
full-length Dnm1p, an N-terminal fragment (GTPase 1-343),
and a C-terminal fragment grew well on nonselective me-
dium containing adenine (Figure 3B, +Ade). In additional
control experiments, none of the plasmid constructs grew on
selective medium when paired with an empty BD or AD
vector (Figure 3B, —Ade). In contrast, yeast host strains
containing full-length Dnm1p on both BD and AD plasmids
grew well on selective medium lacking adenine (Figure 3B,
Dnm1:Dnml, —Ade). Similar results were obtained when
interactions were measured with the use of B-galactosidase
assays (our unpublished results). This finding is consistent
with our coimmunoprecipitation studies (Figure 2), suggest-
ing that Dnm1p oligomerizes in vivo.

Additional constructs were examined to determine the
domains required for the intermolecular Dnmlp interac-
tions. The N-terminal GTPase!*3 construct did not grow
on selective medium in combination with itself (Figure 3B,
GTPase:GTPase, —Ade) or with the C-terminal fragment
(Figure 3B, GTPase:C-terminal, —Ade). However, strains
expressing both the AD and BD domains fused to the
C-terminal fragment grew well on selective medium (Figure
3B, C-terminal:C-terminal, —Ade), suggesting that amino
acids within the C-terminal fragment were responsible for
interactions of full-length Dnm1p with itself in this assay.

The C-terminal fragment contains three subdomains as
defined by sequence homology with mammalian dynamin,
including the Middle domain, Insert B, and the AH/GED
domain (Figure 3A). To define the domain responsible for
the C-terminal self-interaction, we cloned these subdomains
into the BD and AD vectors and tested them in the two-
hybrid assay.

As summarized in Table 1, the Dnmlp AH/GED was
sufficient for robust growth on selective —Ade medium in
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combination with itself or the Insert B-AH/GED construct.
This interaction also occurred (although to a lesser extent)
when the AH/GED was paired with the Middle domain.
Lengthening the AH/GED by the addition of Insert B (Insert
B-AH/GED) increased the efficiency of its interaction with
the Middle domain. Moreover, strains containing the Insert
B-AH/GED fragment grew well in combination with all
subdomains of the C-terminal fragment.

Surprisingly, the Middle domain did not interact with the
C-terminal fragment, although it did interact with subdo-
mains of the C-terminal fragment. One possible explanation
for these results is that binding sites for the Middle domain
are somehow masked (i.e., by folding) in the complete C-
terminal fragment. Alternatively, intramolecular interac-
tions of the Middle domain may be favored over intermo-
lecular interactions of the Middle domain with the complete
C-terminal fragment.

Together, these results suggested that all subdomains con-
tributed to self-interactions of the C-terminal domain, albeit
to different extents. In most cases, the strongest interaction
occurred between constructs containing the AH/GED. In
support of this idea, less growth was observed in strains
expressing C-terminal and AH/GED constructs (in both
orientations). This reduced growth may be due to self-inter-
actions sequestering AH/GED, thereby preventing AH/
GED from interacting with the C-terminal construct. We
were unable to assess the role of Insert B alone with the use
of the two-hybrid assay because the Insert B construct ap-
peared to interact nonspecifically with all other constructs,
including empty vectors. However, we observed that fusion
of Insert B to the AH/GED (Insert B-AH/GED) stabilized
the interaction of AH/GED with other subdomains of the
C-terminal fragment. For this reason, we used the Insert
B-AH/GED fusion for the analysis described below.

Previous studies of dynamin suggested that the N-termi-
nal GTPase domain interacts with sequences in the C-termi-
nal portion of the protein (Muhlberg et al., 1997; Sever et al.,
1999; Smirnova et al., 1999). In addition, extending the C-
terminal border of the GTPase domain and introducing a
K44A mutation into the GTPase domain reportedly stabi-
lizes a two-hybrid interaction with the GED region (Smir-
nova et al., 1999). In contrast, we did not observe an inter-
action between the Dnmlp GTPase!*** domain and the
AH/GED region in the two-hybrid assay (Figure 3B). Al-
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Figure 3. DNMI1 domain interactions analyzed by two-hybrid analysis. (A) Schematic representation of the DNM1 constructs used in the
yeast two-hybrid assay. Structural motifs identified in full-length Dnm1p include the GTPase domain, middle domain, insert B, and alpha
helical /GED (predicted GED). The amino acids included in the Dnm1p subdomains used for the two-hybrid assay and the point mutations
used in this study are indicated. (B) Strains containing the BD and AD plasmids were patched onto SD lacking uracil and leucine (+Ade)
and SD lacking uracil, leucine, and adenine (—Ade). Growth on —Ade medium indicates an interaction between the inserts in the respective

plasmids.

though lengthening the GTPase domain construct enhanced
interactions with the C-terminal fragment (Table 2), this
interaction appeared to be due to intermolecular interactions
of middle domain sequences on the two-hybrid constructs
(Table 2 and Figure 3A; interaction of the middle domain
with itself is shown in Table 1). Our inability to detect an
interaction between the Dnm1p GTPase domain and another
Dnm1p subdomain is puzzling, because the GTPase domain
does interact with full-length Dnmlp in the two-hybrid
assay (our unpublished results). It is possible that full-length
Dnmlp contains a protein interaction domain for the
GTPase region that is absent in the shorter subdomains or
that the subdomains are not folded properly.

The combined results of our coimmunoprecipitation studies
and two-hybrid analyses indicate that the Dnm1p GTPase oli-
gomerizes in vivo and that this oligomerization is due, in part,
to intermolecular interactions of the AH/GED region. We cur-
rently do not know whether this oligomerization leads to the
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Table 1. Two-hybrid interactions within the Dnmlp C-terminal
domain

Insert

C-Terminal Middle B-AH/GED AH/GED

C-Terminal +++ - +++ ++*
Middle - ++ +++ ++
Insert B-AH/GED +++ +++ +++ +++
AH/GED —* ++ +++ +++

—, no growth on selective medium; ++, <50 colonies on selective
medium; and +++, >50 colonies on selective medium.

* Growth observed only for one of the reciprocal AD and BD plas-
mid pairs. All constructs paired with empty BD and AD plasmids
did not grow on selective medium.
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Table 2. Two-hybrid interactions between the Dnm1p GTPase and
C-terminal domains

Table 3. Two-hybrid interactions of the full-length Dnm1p mutant
GED domains

GTPase'* GTPaseX*'4 GTPase' % GTPase! ™03 Dnmlp Dnm1pk7054 Dnm1pR736A
C-Terminal +4* - ++ +++ Dnmlp +++ +++ +4++
Middle - - - ++* Dnm1pK7054 +++ +++ +++
Insert B- ++* - - - Dnm1pR7364 +++ +++ +++
AH/GED
AH/GED - - - — +++4, >50 colonies on selective medium.

—, no growth on selective medium; ++, <50 colonies on selective
medium; and +++, >50 colonies on selective medium.

* Growth observed only for one of the reciprocal AD and BD plas-
mid pairs. All constructs paired with empty BD and AD plasmids
did not grow on selective medium.

formation of Dnmlp, e.g., dimers/tetramers, higher ordered
structures, or both in vivo. To further characterize the role of
the AH/GED, we carried out the mutational analysis described
below.

Mutational Analysis of Dnum1lp GED

The GED has been shown to play two distinct roles in
dynamin. First, GED is required for the assembly of dy-
namin tetramers into rings and collars. Second, the GED acts
as a GAP to stimulate GTP hydrolysis after dynamin assem-
bly. Sever et al. (1999) showed that introducing a K694A
mutation into dynamin’s GED reduces its ability to assemble
into higher ordered structures (rings/collars). Because
GED-GED interactions after ring/collar formation are re-
quired for GAP activation, K694A also interferes with GTP
hydrolysis. A second dynamin mutation, R725A, does not
disrupt binding of the GED to the GTPase domain but does
impair assembly stimulated GTP hydrolysis (Sever ef al.,
1999).

Sequence alignments revealed that the dynamin K694 and
R725 residues are equivalent to K705 and R736 in yeast
Dnmlp (Figure 4; van der Bliek, 1999a). To determine the
role of these residues in Dnm1p’s oligomerization, we gen-
erated the equivalent K705A and R736A mutations in our
DNM1 full-length and truncated (Insert B-AH/GED) yeast
two-hybrid constructs. Although the dynamin studies sug-
gested that the K705A mutation would disrupt self-interac-
tions of the Dnm1p GED (Sever et al., 1999), we observed no
effect of this mutation on Dnm1p AH/GED self-interactions
(Tables 3 and 4). Moreover, the K705A and R736A mutations
also failed to stabilize/enhance interactions between the
Dnm1p Insert B-AH/GED construct and the Dnm1p GTPase

694

constructs (Table 5). Together, these results suggest that 1)
the two-hybrid system does not reconstitute some of the
Dnmlp GED interactions that normally occur in vivo, or 2)
the AH/GED functions differently in dynamin and Dnm1p.
To directly test the role of the Dnmlp GED mutations on
mitochondrial fission, we performed the two different in
vivo assays described below.

Dumlp GED Regulates Rate-limiting Step in
Mitochondrial Division

The tubular mitochondrial network in yeast is maintained
by opposing fission and fusion reactions regulated by the
Dnmlp and Fzolp GTPases, respectively (Figure 5). In pre-
vious studies, we showed that loss of Dnmlp function
blocked mitochondrial fission and converted the wild-type
mitochondrial network into interconnected nets of mito-
chondrial membranes that often collapsed to one side of the
cell (Otsuga et al., 1998; Bleazard et al., 1999) (Figure 5).
Although DNM1 alleles that increase the rate or extent of
fission have not been described, such alleles are predicted to
increase fragmentation of the mitochondrial network.

To determine the effect of GED mutations on Dnmlp
function in vivo, full-length Dnmlp K705A and Dnmlp
R736A were expressed in both wild-type (WT) and dnmIA
cells, and mitochondrial morphology was analyzed by
DiOC, staining. As shown in Table 6, in a dnmlA strain
containing the YEp213 vector alone, 100% of the cells con-
tained collapsed nets and 0% of the cells exhibited frag-
mented mitochondrial membranes. The percentage of cells
containing partially fragmented mitochondrial membranes
increased to 15 or 30% in strains containing one genomic
copy or multiple plasmid-borne copies of DNMI, respec-
tively. Thus, increasing the dosage of DNMI in yeast ap-
pears to increase the steady-state level of mitochondrial
fission.

dnmlA cells containing the K705A allele contained par-
tially (47% of cells) or completely (23% of cells) fragmented

725

Dynamin RQVETIRNLVDSYMAIVNKTVRDLMPKTIMHLMINNTKEFIFSELLANLYSCGDONTLMEESAEQAQRRDEMLRMYHALKEALSTIIGNIN
Dnmi1p LECELIRKRLIVSYFDIIREMIEDQVPKAVMCLLVNYCKDSVONRLVTRELYRETLFEELLVEDQTLAQDRELCVRSLGVYRKAATLISNIL

705

v

A

736

v

A

Figure 4. Sequence alignment of GED regions from Homo sapiens dynamin " (aa 657-745) and S. cerevisite Dnm1p (aa 668—757). The residues
mutated in dynamin (Sever et al., 1999) and in Dnm1p (this study) are in gray boxes.
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Table 4. Two-hybrid interactions of the Dnm1p Insert B-AH/GED mutant GED domains

Insert B-AH/GED

Insert B-AH/GED*70>4 Insert B-AH/GEDR7364

Insert B-AH/GED +++
Insert B-AH/GEDK7054 +++
Insert B-AH/GEDR736A +++

+++ +++
4+ +++
+++ +++

+-++, >50 colonies on selective medium.

mitochondrial membranes, suggesting that the rate or extent
of mitochondrial fission was further increased in this strain.
When the K705A allele was expressed in a strain that was
also expressing wild-type Dnmlp from the genome, the
fragmentation phenotype persisted (Table 6, 55% partially
fragmented and 23% completely fragmented). Conversely,
an increase in fragmented mitochondrial membranes was
not observed in dnmlA cells containing the R736A allele.
Rather, 46% of dnmlA cells expressing the R736A mutant
protein contained wild-type mitochondrial networks. To-
gether, these studies suggest that 1) the K705A mutation
accelerates a rate-limiting step in mitochondrial fission, and
2) the R736A mutation partially disrupts Dnmlp function
(Figure 6).

dnm1 K705A GED Mutation Enhances
Mitochondrial Fragmentation and mtDNA Loss in a
Sensitized Background

Whereas the Dnm1p GTPase regulates mitochondrial fission
in yeast, mitochondrial fusion is regulated by a GTPase
called Fzolp (Hermann et al., 1998). As depicted in Figure 5,
fzol mutations block fusion and result in fragmentation of
the mitochondrial network due to unopposed Dnm1p-me-
diated fission. As a consequence of this fragmentation, fzol
mutant cells lose their mitochondrial DNA (mtDNA) and
fail to grow on the nonfermentable carbon source glycerol.

With the use of the temperature-sensitive fzol-1 allele, we
devised a plate growth assay to detect changes in the fission
activity of Dnm1p. Previous studies indicated that the fusion
activity of the mutant Fzol-1 protein decreases as the
growth temperature increases (Hermann et al., 1998). When
DNM1 fzo1-1 cells are grown at 25°C, the Fzol-1 protein is
functional and the majority of cells contain tubular mito-
chondrial networks (Hermann et al., 1998). In addition, these
DNM1 fzol-1 cells retain their mtDNA at the permissive
temperature and are able to grow on both fermentable (dex-

trose, YPD plates) and nonfermentable (glycerol, YPG
plates) carbon sources (Figure 6A; 25°C, YEp213, top is YPG,
bottom is YPD). In contrast, the Fzol-1 protein product is
unable to function at high (nonpermissive) temperatures
(Hermann et al., 1998). As shown in Figure 6A, mitochon-
drial fusion is blocked at 37°C in DNM1 fzo1-1 cells, mito-
chondrial networks fragment and mtDNA is lost, preventing
growth on YPG medium (37°C, YEp213). At the semipermis-
sive temperature of 30°C, the fusion activity of the mutant
Fzo1-1 protein is reduced but not completely blocked. Thus,
DNM1 fzo1-1 cells can grow on YPG medium (Figure 6A;
30°C, YEp213), even though fusion is compromised.

We used the glycerol growth defect of fzo1-1 as an assay to
monitor the fission activity of the wild-type, K705A, and
R736A mutant forms of full-length DNM1I. The dnmIA mu-
tation blocks mitochondrial fission and fragmentation in the
fzo01-1 fusion mutant and prevents mtDNA loss, allowing
dnm1A fzol-1 cells to grow on glycerol at 37°C (compare
37°C, YEp213; Figure 6, A and B). Conversely, increasing the
dosage of the wild-type DNM1 gene in fzol-1 cells increases
fission and mtDNA loss and decreases their ability to grow
on glycerol at 30°C (Figure 6B; YEp213 DNM1). This obser-
vation is consistent with our morphological studies (Table 6)
showing that extra doses of DNM1 increase mitochondrial
fragmentation in vivo. Similarly, overexpression of the
K705A allele in dnmlA fzol-1 decreases the amount of
growth on glycerol at 30°C. Together with the observation
that mitochondrial membranes are more fragmented in
strains containing K705A relative to wild type (Table 6),
these results suggest that the K705A allele up-regulates
Dnmlp fission activity in vivo. No decrease in glycerol
growth was observed in DNM1 fzol-1 and dnmlA fzol-1
strains with increased dosage of the R736A allele (Figure 6,
A and B; 30°C, YEp213 dnm1 R736A). In fact, dnmIA fzol-1
strains with increased dosage of the R736A allele were able
to grow slowly on glycerol even at 37°C, suggesting that the

Table 5. Two-hybrid interactions between the Dnmlp GTPase and C-terminal mutant GED domains

GTPase! =343

GTPasek41A

GTPase! 363 GTPase' 03

Insert B-AH/GED .
Insert B-AH/GEDX705A N
Insert B-AH/GEDR730A B

—, no growth on selective medium; and ++, <50 colonies on selective medium.
* Growth observed only for one of the reciprocal AD and BD plasmid pairs. All constructs paired with empty BD and AD plasmids did not

grow on selective medium.
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Fission
>
dnmiA fzo1A
< —_— —p MDNA
loss
<
Fusion

Figure 5. Dnmlp and Fzolp act in opposing fission and fusion
pathways to maintain the yeast mitochondrial network. Opposing
fission and fusion events maintain a tubular mitochondrial network
in wild-type yeast cells (middle). Loss of the Dnmlp GTPase
(dnm1A) leads to net formation due to unopposed mitochondrial tip
fusion (left); loss of the Fzolp GTPase (fz01A) leads to fragmentation
due to unopposed mitochondrial fission (right). Fragmentation
eventually causes mtDNA loss by an unknown mechanism.

R736A mutation reduces Dnmlp function in vivo. These
data are consistent with the morphological analysis shown
in Table 6 and indicate that the protein produced by the
R736A allele is partially functional.

DISCUSSION
Dnmlp Is a Functional GTPase

The amino terminal GTPase domain is the most highly
conserved domain in the dynamin family of proteins. In this
study, we established that Dnm1p can bind and hydrolyze
GTP at a rate similar to that of dynamin and other dynamin
family members (5 mol of GTP/min/mol of Dnm1p). Con-
ditions that promote the assembly of dynamin tetramers into
higher ordered structures (rings/collars) have been shown
to stimulate dynamin’s intrinsic GTPase activity 10-fold

YEp213

Genotype: DNM1 fzo1-1
Insert:

25°C 30°C 3rc
None

DNM1

Glycerol

K705A

R736A

None

DNMT

Dextrose

K705A

R736A

Dnm1lp GED Mutations Enhance Fission

Table 6
Mitochondrial Membrane Morphology in dnm 1K705A and R736A Mutant Cells

3
5 6 § &

Partially

Genotype / Plasmid Wildtype dnminull___Fragmented Fragmented
Wildtype / YEp213 69 13 15 3
dnm1A/YEp213 0 100 0 0
Wildtype / YEp213DNM1 60 7 30 3
dnmiA/ YEp213DNM1 54 12 31 3
Wildtype / YEp213dnm1K705A 18 4 55 23
dnm1A/ YEp213dnm1K705A 9 21 47 23
Wildtype / YEp213dnm1R736A 52 31 16 1
dnmiA/ YEp213dnm1R736A 46 53 0 1

Numbers are percent of asynchronous culture with a particular mitochondrial
morphology ‘n:&foo). Mitochondrial morphology was scored in log-phase cells
grown in synthetic medium at 25°C.

(Warnock et al., 1996). Although other dynamin family mem-
bers have been reported to form rings/collars in vitro (Schu-
macher and Staeheli, 1998; Zhang et al., 2000), we have not
detected such structures with the use of bacterially ex-
pressed Dnm1p (our unpublished results) and have not been
able to test the effect of higher ordered structures on the rate
of GTP hydrolysis by Dnm1p. Recently, the Caenorhabditis
elegans (DRP-1) (Labrousse et al., 1999) and mammalian
(DRP1/DLP1/DVLP) homologs of yeast Dnmlp were also
shown to be required for mitochondrial fission in vivo
(Smirnova et al., 2001). Bacterially expressed mammalian
DRP1/DLP1 appeared to form stacked rings/collars that
tubulated and constricted tubules composed of synthetic
lipids (Yoon et al., 2001). Although it is unclear why we have
not observed similar Dnm1p rings/collars in vitro, one pos-
sibility is that one or more components of the Dnmlp-
mediated fission machinery (e.g., Mdv1p and/or Fislp) are
required for the formation of functional, higher order

YEp213

Insert: Genotype: dnmiA fzo1-1

25°C 30°C 37°C

None
DNM1
K705A
R736A

MNone

DNM1

K705A

R736A

Figure 6. Effect of DNM1 AH/GED mutations on the fzoI-1 conditional glycerol growth defect. Glycerol (top) and dextrose (bottom) growth
phenotypes of DNM1 fzo1-1 (A) or dnmlA fzo1-1 (B) strains containing the indicated plasmids at 25, 30, and 37°C.
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Dnmlp structures (Mozdy et al., 2000; Tieu and Nunnari,
2000). Based on the observation that the Dnm1p homolog
DRP1/DLP1 can form oligomers (Yoon ef al., 2001), and our
in vivo evidence that Dnm1p is required for mitochondrial
fission, we think it is likely that Dnm1p also forms rings or
collars around mitochondrial tubules at sites where constric-
tion and fission will occur.

Dumlp Molecular Interactions

As described above, dynamin exists as a tetramer under
physiological salt conditions (Hinshaw and Schmid, 1995;
Mubhlberg et al., 1997) that can further assemble into higher
ordered structures (rings/collars). Our coimmunoprecipita-
tion studies indicate that, like dynamin and other dynamin
family members, Dnmlp oligomerizes in vivo. Additional
two-hybrid analyses also revealed intermolecular interac-
tions of full-length Dnm1p and identified subdomains of the
protein required for these interactions. In most cases, the
strongest subdomain interaction observed in these assays
occurred between any two constructs containing the AH/
GED. Consistent with this observation, a previous study
reported that the removal of dynamin’s GED reduced or
abolished dynamin self-interactions in the yeast two-hybrid
assay (Okamoto ef al., 1999). We also observed self-interac-
tions of Dnmlp’s Middle domain. The Middle domain of
mammalian dynamin contains a predicted coiled-coil region
required for dynamin self-assembly (Okamoto et al., 1999;
Smirnova et al., 1999). The equivalent region in Dnmlp’s
Middle domain may be responsible for the observed Mid-
dle-Middle interactions. We currently do not know whether
the Dnm1p interactions reported here contribute to the for-
mation of dimers/tetramers, higher ordered structures, or
both.

Biochemical studies of dynamin revealed an interaction
between the GTPase domain and the GED (Sever et al., 1999;
Smirnova et al., 1999). This interaction was shown to stimu-
late the assembly of dynamin tetramers into rings/collars as
well as the GTPase activity of these higher ordered struc-
tures (Sever et al., 1999; Smirnova et al., 1999). In contrast,
we did not observe stable interactions between Dnmlp’s
GTPase domain and AH/GED, even when we used longer
N- and C-terminal fragments and a mutant form of the
GTPase domain predicted to prolong the Dnmlp:GTP-
bound state. These data are not surprising because it is
unlikely that the two-hybrid assay measures the formation
of higher ordered Dnmlp structures and the GTPase do-
main-GED interaction is predicted to occur in such a higher
ordered structure. Our in vivo analysis of Dnm1p AH/GED
mutations (see discussion below) may indicate that the AH/
GED sequence plays a role in controlling the Dnm1p GTPase
cycle (perhaps stimulating GTP hydrolysis). Alternatively,
GTPase domain—-GED interactions may simply contribute to
the formation of Dnmlp dimers/tetramers, higher ordered
structures, or both. In either case, it is possible that transient
interactions between Dnmlp’s GTPase domain and AH/
GED region are too weak to be detected by the two-hybrid
system.

Two-hybrid analyses of dynamin family members have
identified different subdomains that interact (Schumacher
and Staeheli, 1998; Shin et al., 1999; Hinshaw, 2000; Zhang et
al., 2000). In each case, the interactions detected have been
predicted to play a role in oligomerization. These different
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results may reveal different roles of the various subdomains
in each family member. Alternatively, the different results
may reflect the limitations of using protein subdomains for
interaction studies. For example, in our serial dilution stud-
ies and B-galactosidase activity assays, the interaction of
full-length Dnm1p with itself was at least 10-fold stronger
that the AH/GED self-interaction (10 times more -galacto-
sidase activity; our unpublished results). One interpretation
of these results is that smaller domains of a given protein
may fold improperly and fail to interact with other binding
partners in the two-hybrid system (or other assays that
monitor protein—protein interaction). In support of this in-
terpretation, we previously showed that overexpressing GT-
Pase mutant forms of full-length Dnm1p in a wild-type cell
interfered with the function of the endogenous Dnm1 pro-
tein and caused dominant defects in mitochondrial fission
and morphology (Otsuga et al., 1998). In contrast, overex-
pressing the subdomains shown in Figure 3A in a wild-type
strain had little or no effect on the function of endogenous
Dnm1lp and did not have striking effects on mitochondrial
fission (our unpublished results). This result was surprising
and indicated that although all Dnmlp subdomains were
able to interact with the full-length Dnm1p construct in the
two-hybrid assay (our unpublished results), these subdo-
mains either failed to interact with, or had no effect on the
function of, full-length Dnm1p in vivo. Based on these find-
ings, we believe it is most informative to analyze specific
domain mutations in the full-length Dnml protein ex-
pressed in vivo.

Effect of Dnm1p AH/GED Mutations on
Mitochondrial Fission In Vivo

According to Sever ef al. (1999), dynamin’s GED is required
both for dynamin tetramer assembly into rings/collars and
stimulated GTP hydrolysis by these rings/collars during
endocytosis. Mutation of arginines and lysines in dynamin’s
GED (K694A and R725A, equivalent to residues that play a
role in rasGAP function) decreased stimulated GTPase ac-
tivity in vitro. K694 is involved in dynamin tetramer assem-
bly via GED-GED interactions, whereas R725 appears to
play a direct role in catalysis. Surprisingly, in vivo analysis
indicated that overexpression of both the K694A and R725A
GED mutant dynamin proteins increased the rate of forma-
tion of constricted coated pits in mammalian cells (Sever et
al., 1999, 2000).

Based on these results, Sever et al. (1999) suggested that
dynamin acts as a regulatory, rather than a mechanochem-
ical, GTPase during endocytosis. A more recent study dem-
onstrated that although dyn (K694A) and dyn (R725A) both
increased the rate of formation of constricted, clathrin-
coated pits during endocytosis, only dyn (K694A) increased
the rate of coated vesicle formation. In contrast, the overall
rate of coated vesicle formation decreased in dyn (R725A),
suggesting that overexpression of dyn (R725A) may inter-
fere with the GTP-hydrolysis-triggered dynamin disassem-
bly that leads to vesicle fission (Sever et al., 2000).

By analogy with the studies of dyn K694A (Sever et al.,
1999, 2000), we expected that the Dnmlp K705A mutant
protein would increase the steady-state level of mitochon-
drial fission. Indeed, the mitochondrial fragmentation we
observed when wild-type DNM1 was overexpressed in
yeast increased even further when the mutant K705A pro-
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tein was overexpressed in a dnmlA strain. Thus, like dyn
(K694 A), which increases the rate of formation of both con-
stricted coated pits and vesicles (Sever ef al., 2000), Dnm1p
K705A is acting to accelerate a rate-limiting step during
mitochondrial fission. Moreover, the Dnm1p K705A mutant
protein enhances mitochondrial fission even when it is the
only form of Dnmlp expressed in cells. What is the rate-
limiting step affected by the K705A mutant protein? Because
Dnmlp complexes on mitochondrial tubules are abundant
in wild-type yeast cells, it is unlikely that Dnm1p complex
assembly is the rate-limiting step in vivo (Otsuga et al., 1998;
Mozdy and Shaw, 2000; Tieu and Nunnari, 2000). Instead,
we propose that an event after Dnmlp complex assembly,
namely, membrane constriction, is accelerated by the mutant
Dnm1 K705A protein. If, as predicted by the Sever et al.
(1999) study, the K705A mutation prolongs the GTP-bound
state of Dnm1p, then our results are consistent with the idea
that Dnm1p:GTP functions to recruit downstream partners
required for membrane remodeling and constriction.

In contrast, we did not observe increased mitochondrial
fragmentation in a dnmlA strain overexpressing Dnmlp
R736A. Rather, mitochondrial morphology was shifted to-
ward the dnm1 null phenotype in these cells. Although this
result initially appeared inconsistent with the finding re-
ported by Sever et al. (1999), a more recent study (Sever et al.,
2000) demonstrated that the early stages of endocytosis (con-
stricted coated pit formation) are stimulated by this muta-
tion, whereas a late step (vesicle formation) is inhibited.
Thus, the overall effect of the dyn (R725A) mutation is to
decrease the rate of endocytic vesicle formation. Because
vesicle formation is analogous to mitochondrial fragmenta-
tion in our system, the failure of Dnmlp R736A to increase
mitochondrial fragmentation is consistent with the behavior
of dyn (R725A) during endocytosis.

While this manuscript was under review, Marks et al.
(2001) challenged the notions that the dynamin K694A and
R725A mutations interfere with assembly-stimulated GTP
hydrolysis in vitro and accelerate the rate of endocytosis in
vivo. In the Marks et al. (2001) study, the GTPase activity of
the dynamin K694A and R725A proteins appeared similar to
wild-type dynamin. In addition, Marks et al. (2001) failed to
observe a significant effect on the endocytosis of transferrin
when these mutant dynamin GED proteins were overex-
pressed in COS-7 cells. As reported previously (Herskovits
et al., 1993; Damke et al., 1994), overexpression of dynamin
mutants deficient in GTP binding/hydrolysis interfered
with transferrin internalization in COS-7 cells (Marks ef al.,
2001). These data suggest that GTP hydrolysis by dynamin is
essential during endocytosis and support the idea that dy-
namin has a mechanochemical function in vesicle scission
and release. Clearly, additional studies are required to de-
termine whether dynamin and its related family members
act as classical regulatory GTPases, mechanochemical
GTPases, or both during membrane remodeling events in
cells.

Regardless of the molecular mechanism, our studies sup-
port the idea that Dnm1p accelerates a rate-limiting step in
mitochondrial fission and that this step is regulated in some
manner by the GED sequence. In particular, our in vivo
observations with the Dnm1 GED mutant proteins are con-
sistent with those made by Sever et al. (1999, 2000) for
dynamin proteins containing equivalent GED mutations.
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The two new components of the Dnm1p fission machinery,
Fislp and Mdvlp, may act together with Dnm1p to acceler-
ate the rate-limiting step in mitochondrial fission. As de-
scribed above, Mdv1p (Fekkes et al., 2000; Tieu and Nunnari,
2000) appears to assemble with Dnmlp on the outer mito-
chondrial membrane and is required for the fission activity
of Dnm1p complexes. Fislp is an outer mitochondrial mem-
brane protein required for both the assembly and the fission
activity of Dnm1lp complexes. The Dnmlp AH/GED muta-
tions described here may reveal subreactions in the mito-
chondrial fission pathway that require the activities of
Mdvlp, Fislp, or both proteins.
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