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Mitochondrial fission is mediated by the dynamin-related GTPases
Dnm1/Drp1 (yeast/mammals), which form spirals around constricted
sites on mitochondria. Additional membrane-associated adaptor
proteins (Fis1, Mdv1, Mff, and MiDs) are required to recruit these
GTPases from the cytoplasm to the mitochondrial surface. Whether
these adaptors participate in both GTPase recruitment and mem-
brane scission is not known. Here we use a yeast strain lacking all
fission proteins to identify the minimal combinations of GTPases
and adaptors sufficient for mitochondrial fission. Although Fis1 is
dispensable for fission, membrane-anchored Mdv1, Mff, or MiDs
paired individually with their respective GTPases are sufficient to
divide mitochondria. In addition to their role in Drp1 membrane
recruitment, MiDs coassemble with Drp1 in vitro. The resulting het-
eropolymer adopts a dramatically different structure with a nar-
rower diameter than Drp1 homopolymers assembled in isolation.
This result demonstrates that an adaptor protein alters the architec-
ture of a mitochondrial dynamin GTPase polymer in a manner that
could facilitate membrane constriction and severing activity.
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Dynamin-related proteins (DRPs) are self-assembling GTPases
that regulate lipid-remodeling events at different cellular

membranes (1). Two of these DRPs, Dnm1 (yeast) and Drp1
(human), play conserved roles in mitochondrial fission, which is
important for biological processes including mitochondrial in-
heritance during cell division (2, 3), clearance of defective mito-
chondria viamitophagy (4–7), andmammalian development (8, 9).
In vivo, both the Dnm1 and Drp1 GTPases assemble from the

cytoplasm into structures that encircle mitochondria at sites of
future fission (10–13). In vitro, addition of GTP to Dnm1-lipid
tubules is sufficient to constrict synthetic liposomes (14, 15).
However, a recent study revealed that mitochondrial constriction
in yeast and mammals occurs at sites where endoplasmic reticulum
(ER) tubules circumscribe mitochondria (16). This ER-mediated
mitochondrial constriction occurs before Dnm1 or Drp1 re-
cruitment, suggesting that DRPs act after the initial constriction
event to complete membrane fission. Neither Dnm1 nor Drp1
has been shown to catalyze membrane scission independently in
vivo or in vitro.
A variety of adaptor proteins localized to the outer mitochon-

drial membrane (OMM) play important but poorly understood
roles in Dnm1/Drp1 recruitment and function. The membrane
recruitment step is understood best in yeast, where Dnm1 binds
to the fungal-specific adaptor mitochondrial division protein 1
(Mdv1) (17, 18), which in turn binds to the tail-anchored fission
protein 1 (Fis1) protein (19). Fluorescence microscopy studies
show that Mdv1 colocalizes with Dnm1 at sites of mitochondrial
fission (20). In vitro, Mdv1 interacts with the GTP-bound form of
Dnm1 and stimulates Dnm1 self-assembly (21).
Fis1 is conserved in humans (hFis1) but does not appear to

recruit Drp1 to mitochondria. Instead, Drp1 recruitment is
mediated by mitochondrial fission factor (Mff), another tail-
anchored protein (22, 23). Two additional human proteins, the
orthologs mitochondrial dynamics proteins 49 and 51 (MiD49
and MiD51), are N-terminally anchored in the OMM and also

play a role in Drp1 recruitment (24, 25). Neither Mff nor the
MiD proteins is related by sequence or predicted secondary
structure to Mdv1. The Mff and MiD49/51 proteins form rings
surrounding mitochondria, suggesting that they coassemble with
Drp1 (24), but their specific roles in Drp1 assembly and mem-
brane scission are not well understood. Thus, major questions—
whether adaptor proteins participate in lipid remodeling and
membrane scission and whether they act independently or in
concert in vivo—remain unanswered.
Here we use a yeast strain devoid of fission proteins to identify

the minimal combination of DRPs and adaptors sufficient for
mitochondrial fission. We provide evidence that Fis1 is dispensable
for mitochondrial membrane scission. We also demonstrate that
Mdv1, Mff, and MiDs paired individually with their respective
DRPs are interchangeable, in that each is sufficient to catalyze
fission. Importantly, coassembly of an MiD protein with Drp1
dramatically decreases the diameter of the Drp1 structures formed.
This result provides a direct demonstration that an adaptor protein
can alter the architecture of a DRP assembly in a manner that
could facilitate their membrane constriction and severing ability.

Results
Requirements of Individual Yeast Proteins for Mitochondrial Fission.
In WT yeast, opposing fission and fusion events maintain branched
mitochondrial tubules positioned at the cell cortex (Fig. S1A, WT).
When fission is disrupted, fusion continues unopposed, and cells
contain mitochondrial nets or a single, interconnected mitochon-
drion, which often collapses to one side of the cell (Fig. S1A,
mutant) (10, 12). To determine the minimal protein requirements
for fission, we generated a yeast “tester” strain lacking Dnm1, the
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Mdv1 adaptor, and Fis1. This strain also lacked a paralog of the
Mdv1 adaptor, carbon catabolite repression associated factor 4
(Caf4), which was shown previously to be dispensable for fission in
vivo (26). This tester strain was viable but exhibited severe mi-
tochondrial fission defects (Table S1 and Fig. S1A). Expression
of WT Dnm1 or of Dnm1 tethered to the outer mitochondrial
membrane by its N or C terminus was unable to rescue mito-
chondrial fission defects in the tester strain (Table S1). Previous
studies showed that pairwise combinations of cytoplasmic Dnm1
expressed with either WT Fis1 or Mdv1 also failed to rescue
mitochondrial morphology (18, 19).
To determine whether Fis1 was necessary for post–Dnm1-re-

cruitment steps in fission, we expressed combinations of WT
Dnm1 together with WT or mitochondrial membrane-tethered
Mdv1 in the tester strain. Mdv1 contains three domains, an N-
terminal extension (NTE) that binds Fis1 (27), a middle domain
that dimerizes Mdv1 via an antiparallel coiled-coil (CC) (28), and
a predicted β-propeller domain (β) that interacts with Dnm1 (27,
29) (Fig. 1A). Full-length and truncated forms of Mdv1 were
tethered to the outer mitochondrial membrane by the translocase
of outer membrane (Tom20) anchor (labeled T20, Fig. 1A). Im-
munoblotting of whole-cell extracts confirmed that all proteins
were expressed stably in vivo (Fig. S1 B and C). Mitochondrial
morphology then was quantified to assess the ability of different
protein combinations to restore WT mitochondrial fission and
morphology. Normal mitochondrial morphology was restored in
80% of the cells by expressing cytoplasmic Dnm1 together with
WT Mdv1 and Fis1 (Fig. 1B). Surprisingly, although WT mito-
chondrial morphology was restored in strains expressing Dnm1
plus all three tethered forms of Mdv1, the full-length construct was
not the most efficient. The lack of an Fis1-binding partner for the
NTE domain in the full-length Mdv1 construct may affect the

conformation of the protein and be responsible for this effect.
Consistent with this idea, the most efficient rescue occurred upon
expression of the tethered Mdv1 CC plus β-propeller domain
(lacking the NTE domain) (Fig. 1B). The mitochondrial mor-
phology rescue observed in these studies suggests that soluble
Dnm1 and tethered forms of Mdv1 are sufficient to catalyze fission
in the absence of Fis1.

Fis1 Is Not Essential for Dnm1 Assembly into Fission Complexes or
Membrane Scission. When cells lack Mdv1 and Fis1, GFP-Dnm1
cannot be recruited to mitochondria and instead remains in the
cytoplasm (Fig. 2 A and B). When WT Mdv1 and Fis1 are
present, GFP-Dnm1 assembles into punctate fission complexes
distributed evenly along mitochondrial tubules (Fig. 2 A and B).
Consistent with their ability to rescue fission defects, all three
forms of tethered Mdv1 were able to recruit GFP-Dnm1 to mi-
tochondria in the absence of Fis1 (Fig. 2 A and B). The per-
centage of cells in the population containing GFP-Dnm1 complexes
(Fig. 2B) and the number of complexes per cell (Fig. 2C) were
similar to that observed in WT although fission complexes formed
by two of the tethered Mdv1 proteins (T20-Mdv1 and T20-β) were
less functional than Mdv1 T20-CC-β (Fig. 1B).
In vivo, yeast mitochondrial fission and fusion are coordinated,

each process occurring approximately once every 2 min (30).
Although the molecular basis of this coordination is unknown,
the balance is critical for robust mitochondrial function (31).
Quantification of fission and fusion events in time-lapse imaging
studies confirmed that these processes were balanced in our WT
yeast strain (Fig. 3A). We next determined whether the balance
of fission and fusion was altered when fission occurred without
Fis1 in the tester strain. When cells expressed only cytoplasmic
Dnm1, unopposed fusion formed interconnected mitochondria
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Fig. 1. Fis1 is dispensable for mitochondrial fission. (A) Domain structure of WTMdv1 and Mdv1 constructs fused to the N-terminal transmembrane anchor of
yeast T20. NTE, CC, and predicted β domains are shown. (B) Quantification of mitochondrial morphology in cells expressing the indicated fission proteins. All
values are mean ± SEM; n ≥ 300. Representative images of WT and fission mutant mitochondria scored are shown in Fig. S1. JSY strains 8614, 9234, 9801, 9802,
and 9803 were used.
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with few or no free tips. As a consequence, once the system
achieved steady state, neither fission nor fusion was observed
(Fig. 3A). Similar results were obtained for the strain expressing
WT Dnm1 and Mdv1 in the absence of Fis1. In contrast, when
cells expressed cytoplasmic Dnm1 and tethered forms of Mdv1,
fission and fusion events again were balanced, although the number
of fission and fusion events was reduced (Fig. 3A), most likely
because the tethered proteins were less functional than WT (Fig.
1B). Representative images of fission and fusion events in these
cells are shown in Fig. 3B. Together, our results demonstrate that
after Mdv1 and Dnm1 are recruited to the mitochondrial surface,
Fis1 is not essential for the assembly of functional fission complexes
and the subsequent membrane scission event. Moreover, a balance
between fission and fusion is achieved in these strains.

Mff or MiDs Are Sufficient to Recruit Human Drp1 to Mitochondria
and Catalyze Fission. The hFis1, Mff, and MiD49/51 adaptors are
all expressed in mammalian cells. As a consequence, it has been
difficult to determine definitively whether these adaptors work
individually or in concert to influence fission complex assembly
or mitochondrial division after Drp1 membrane recruitment. To
address this issue, we individually expressed OMM-tethered
forms of each adaptor protein with soluble Drp1 (variant 3,
NCBI reference sequence number NP_005681.2) in the yeast
tester strain. To maintain their appropriate membrane topolo-
gies, the cytoplasmic domains of hFis1 and Mff were targeted
using the yeast C-terminal Fis1 anchor (yTM), and the MiD
proteins were targeted using the yeast N-terminal T20 anchor
(Fig. 4A). These mammalian proteins were expressed stably in
yeast (Fig. S1 D–H).
In the absence of Drp1, expression of any of the three tethered

forms shown in Fig. 4A did not rescue fission defects (Table S1).
In addition, mitochondrial fission was not rescued by expression

of Drp1 alone (Table S1) or by Drp1 with tethered hFis1 (Fig.
4B). The latter result is consistent with a previous report that
hFis1 is not essential for Drp1 recruitment in mammalian cells
(23). In contrast, expression of soluble Drp1 with tethered Mff
was sufficient for partial rescue of mitochondrial fission and WT
mitochondrial morphology in vivo (Fig. 4B). Expressing tethered
hFis1 in addition to Mff had little effect on this rescue. Thus,
hFis1 does not appear to impact fission mediated by Drp1 and
tethered Mff in this system.
We also examined mitochondrial fission rescue in a tester strain

expressing Drp1 and MiD51 from the repressible methionine re-
quiring (MET25) promoter. Before induction (Fig. 4C, 0 h), ∼79%
of the cells in the population contained collapsed mitochondria
and interconnected nets characteristic of a fission defect (Fig. 4C,
black). The remaining 21% contained WT tubular mitochondria
(Fig. 4C, gray) because the MET25 promoter is repressed in-
efficiently under these conditions and produces low levels of both
Drp1 and MiD51 proteins. WT mitochondrial morphology in-
creased to 61 and 69% after 1.5 or 3.0 h of MiD51 induction, re-
spectively, suggesting that cytoplasmic Drp1 and tethered MiD51
are sufficient to catalyze fission in the yeast tester strain. Upon
further induction (4.5–9 h), the percentage of cells containing tu-
bular mitochondrial morphology was reduced, and the percentage
of the population containing fragmented and aggregated mito-
chondrial membranes increased steadily from 27 to 83% (Fig. 4C,
white). This aggregated mitochondrial phenotype also was ob-
served when MiD49 and MiD51 were overexpressed in mamma-
lian cells (24). Similar results were obtained when the experiment
was performed with MiD49 in place of MiD51 (Fig. S1I).
Time-lapse imaging studies confirmed that the changes in mi-

tochondrial morphology observed upon expression of Drp1 with
Mff, MiD49, or MiD51 were caused by mitochondrial fission. In
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our tester strain expressing functional GFP-Drp1 and Mff, MiD49
or MiD51, green Drp1 puncta were observed on RFP-labeled
mitochondrial tubules at sites where fission occurred (Fig. 4D). In
control studies, hFis1 was not able to recruit GFP-Drp1 to mito-
chondria (Fig. S1J), as is consistent with our observation that these
two proteins do not support fission (Fig. 4B). Together, these results
establish that Drp1 is able to function with multiple adaptors to
catalyze mitochondrial membrane fission.

Effect of Mff and MiD Adaptors on GTP Hydrolysis by Drp1. To de-
termine whether mammalian adaptor proteins altered the kinetic
properties of Drp1, we purified untagged versions of all three
proteins (full-length Drp1 and the Mff and MiD49 cytoplasmic
domains). Analytical ultracentrifugation studies are consistent
with Drp1 and Mff forming homodimers, whereas MiD49 behaves
as a monomer in solution (Fig. S2). As is characteristic of self-
assembling GTPases in the dynamin family, Drp1 pelleted in low,
but not high, ionic strength buffer in a standard sedimentation
assay (Fig. 5C). GTP-hydrolysis by Drp1 also increased up to 15-
fold in low ionic strength buffer, indicating that self-assembly
stimulated GTP hydrolysis (Fig. 5A). Under assembly-stimulated
conditions (low ionic strength, Fig. 5 B and D), the catalytic ac-
tivity of Drp1 (kcat = 6.5/min) was similar to that reported for the
yeast mitochondrial dynamin Dnm1 (21). However, the Drp1
catalytic activity shown here is 7.6 times greater than that reported
previously for a calmodulin-binding peptide (CBP)-Drp1 fusion
protein (32). It is possible that the N-terminal CBP tag on Drp1 or
the bacterial expression system used to purify the CBP-Drp1 fu-

sion protein contributed to the lower activity observed in the study
by Chang et al. (32). Importantly, the addition of Mff or MiD49
only modestly increased the assembly-driven GTP hydrolysis ac-
tivity of Drp1 (Fig. 5 E and F). Thus, in this minimal in vitro
system, these adaptors do not act as classical GTPase effectors to
enhance nucleotide hydrolysis by Drp1.

MiD49 Coassembles with Drp1 and Reduces Polymer Diameter. We
used negative staining transmission electron microscopy (TEM)
to analyze the structures formed by Drp1 in vitro. At low tem-
perature, apo-Drp1 (without nucleotide) did not assemble into
well-ordered structures (Fig. 6A). When the nonhydrolyzable
analog β,γ-methyleneguanosine 5′-triphosphate (GMP-PCP) was
added, Drp1 assembled into rings with an average external di-
ameter of 33.5 ± 4.1 nm (Fig. 6 B and G). Raising the temper-
ature to 25 °C in the presence of GMP-PCP produced Drp1
spirals (34.4 ± 6.4 nm). Intrinsically, Drp1 did not bind to lip-
osomes containing moderate concentrations of anionic lipids
(e.g., 37% phosphatidyl-serine; asterisk in Fig. 6C). Drp1 was able
to deform nonphysiological liposomes made from purely anionic
lipids (e.g., 100% 1,2-dioleoyl-sn-glycero-3-phospho-L-serine,
DOPS) in the presence of GMP-PCP at 25 °C, forming tubes
with ordered striations along their length (Fig. 6D). Interestingly,
the diameter of these Drp1 tubes was significantly smaller (64.7 ±
7.2 nm) than that reported previously for Dnm1 assembled on
lipids (109–121 nm) (14, 15). Constriction of these structures
occurred upon exposure to GTP (Fig. 6 E and F), generating
polymers with an average diameter of 30.7 ± 4.9 nm (Fig. 6G).
We also analyzed the interaction of Drp1 with MiD49. In the

presence of GMP-PCP, Drp1 self-assembles and pellets in a sedi-
mentation assay (Fig. 7A). Although the cytoplasmic domain of
MiD49 alone (MiD49ΔTM) remains in the supernatant fraction,
the adaptor sediments in the presence of Drp1, consistent with the
idea that the two proteins bind to each other and may coassemble
(Fig. 7A). These findings were confirmed using a flotation assay (in
the presence of GMP-PCP). His-tagged MiD49ΔTM alone (His-
MiD49ΔTM) was able to bind and float with liposomes containing
nickel-modified lipids after centrifugation in a sucrose step gra-
dient (Fig. 7B, Upper, lane 1). This fractionation pattern was de-
pendent upon the presence of nickel (nickel-nitrilotriacetic acid,
Ni-NTA) lipids and did not occur when membranes lacking the
Ni-NTA moiety were substituted in the experiment (Fig. 7B,
Lower, lane 1). Although Drp1 has a weak affinity for the Ni-
NTA liposomes on its own (Fig. 7B, Upper, lane 4), the fraction
of Drp1 bound to these liposomes increased visibly in the pres-
ence of the MiD49 adaptor (Fig. 7B, Upper, lane 7). In control
experiments, MiD49 and Drp1 (alone or in combination) did not
float with electrostatically neutral lipids (Fig. 7B, Lower, lanes
6 and 9).
Negative transmission electron microscopy staining revealed

a dramatic effect of MiD49 on Drp1 polymer formation. At 25 °C
in the presence of GMP-PCP, Drp1 plus MiD49 formed extended,
uniform polymers with distinct striations (Fig. 7C, Upper). These
polymers had an average external diameter of 14.9 ± 1.5 nm,
which is less than half the diameter of ring stacks formed by Drp1
alone (34.4 ± 6.4 nm) (Fig. 6G). Measurement of pixel intensity
along the length of these structures revealed a highly regular pe-
riodicity of ∼5 nm (Fig. 7C, Lower). In control studies, MiD49 did
not assemble reproducibly into similar polymers in the presence or
absence of GTP or GTP analogs.
To investigate further the nature of these narrower polymers,

we examined assembly in the presence of different Drp1:MiD49
(molar:molar) ratios. Incubation of Drp1 and MiD49 at a 1:1
ratio in the presence of GMP-PCP produced mainly polymers
with the smaller average diameter (Fig. 7D, white arrow-
heads,14.9 ± 1.5 nm). These polymers often associated laterally
into bundles. When a Drp1:MiD49 ratio of 5:1 or 10:1 was ex-
amined, fewer narrow polymers were observed (Fig. 7D, white
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arrowheads), with a concomitant increase in polymers of larger
diameter (black arrowheads). Both the appearance and the di-
ameter of the latter spirals were similar to those formed by Drp1
alone (Fig. 6C). These data are consistent with the idea that
coassembly of MiD49 with Drp1 is stoichiometric and suggest
that MiD49 copolymerizes with Drp1 rather than simply nucle-
ating assembly of a Drp1 homopolymer.

Discussion
The adaptor proteins studied here were shown originally to me-
diate the recruitment of the Dnm1 or Drp1 GTPases to mito-
chondria, but their postrecruitment roles in mitochondrial fission
were not clear. In this study, we demonstrate that individual
adaptor-GTPase pairs act after recruitment to catalyze membrane
division in vivo. In the case of Drp1, coassembly with one of these
adaptors increases the order and dramatically decreases the di-
ameter of the polymers formed.
The identification of Fis1 and Dnm1/Drp1 in yeast and mam-

mals initially suggested that the basic molecular machinery for
mitochondrial fission was conserved during evolution. Although
the role of yeast Fis1 in Mdv1-Dnm1 recruitment to mitochondria
has never been questioned, data supporting a function for mam-

malian Fis1 in Drp1 recruitment was contradictory. This issue was
resolved recently by the demonstration that it is human Mff, rather
than Fis1, that acts as the mitochondrial receptor for Drp1 (23).
Soon after, MiD49 and MiD51 also were reported to mediate
Drp1 mitochondrial recruitment (24, 25). We show here that yeast
Fis1 is dispensable for fission when the Mdv1 adaptor is mem-
brane-tethered, allowing Dnm1 recruitment to mitochondria.
Moreover, expression of human Fis1 and Drp1 in yeast was not
sufficient to rescue defects in mitochondrial fission. Thus, Fis1
has not been conserved throughout evolution because of an es-
sential role in Dnm1/Drp1-mediated membrane scission. What,
then, is the conserved function of Fis1? Although mitochondrial
fission proteins also have been implicated in peroxisome division
and mitophagy in yeast and mammals (33–35), Fis1 appears to be
dispensable for peroxisome fission in human cells (23) and for
mitophagy in yeast (36, 37). In addition, it was suggested recently
that mammalian Fis1 interacts directly with MiD51 (also called
mitochondrial elongation factor 1, or MIEF1) to regulate fission
negatively (25). Further studies clearly are necessary to determine
whether Fis1 has a conserved function(s) in organelle division.
Our findings show unambiguously that a single type of adaptor

protein is sufficient for mitochondrial membrane scission by hu-
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man Drp1. Why, then, do mammalian cells simultaneously express
Mff, MiD49, and MiD51? Studies to date have not identified
significant differences in the mitochondrial fission events mediated
by these different adaptors (23–25). However, the assays used in
these studies (morphological quantification and fixed time-point
analysis) would fail to detect significant temporal, spatial, or
mechanistic differences in Drp1 recruitment, assembly, and/or
membrane scission that are specific to each adaptor. In addition,
the physiological circumstances (i.e., apoptosis, mitophagy) in
which each adaptor is activated might differ. Documented post-
translational modifications of Drp1 including phosphorylation (3,
38–42), sumoylation (43–46), nitrosylation (47), and ubiquitination
(48–52) also could influence the identity of the adaptor used for
fission, as could posttranslational modifications of the adaptors
themselves. Finally, it is possible that multiple adaptors work to-
gether with Drp1 at a single division site. Such cooperation has
been documented for the paralogous adaptors Mdv1 and Caf4 in
yeast (53), and it seems likely that the MiD49 and MiD51 paralogs
also will prove to have the capacity to function with Drp1 at the
same fission site in mammals.
Distances of ≤1 nm between opposing lipid bilayers are thought

to be necessary for initiation of inner leaflet hemifusion and
subsequent membrane scission (54, 55). Taking into account the
diameter of a lipid bilayer (∼5 nm) (56, 57) and mitochondria’s
double membrane, the average external diameter we measured for
Drp1-lipid tubules (30.7 nm) (Fig. 6G) would not produce a lu-
minal distance small enough to initiate fission of both the inner

and outer mitochondrial membranes. This problem could be
overcome by coassembling MiD49 with Drp1, because the ∼15-nm
average external diameter of the Drp1:MiD49 copolymer is suf-
ficiently narrow to drive fission. Like the copolymers formed by
coincubation of dynamin-1 with endophilin (58) or amphiphysin
(59), the MiD49:Drp1 copolymers shown here also change the
structural properties of a dynamin GTPase polymer. In the case of
N-BAR (Bin–Amphiphysin–Rvs domain with an additional pre-
dicted N-terminal amphipathic helix) proteins and dynamin-1, the
hybrid coat has a different diameter and different pitch. A detailed
understanding of how MiD49 alters structural features of the
Drp1 polymer and the functional consequences of the hybrid as-
sembly for the fission process requires further study.
Our findings clarify the individual functions of mitochondrial

adaptors and challenge the notion that these proteins act solely to
recruit and stimulate assembly of the DRPs Dnm1 and Drp1 on
the correct cellular membrane. Instead, coassembly of adaptors
with DRPs may work generally to change the physical properties
of the resulting polymers in a manner that promotes or regulates
membrane scission. For example, coassembly could prevent pro-
miscuous fission by altering contacts between adjacent turns of the
DRP helix, thereby inhibiting mechano-chemical conformational
changes that lead to constriction and fission. Such an inhibited
state may be regulatory, delaying constriction until a signaling
event or another factor is recruited. Alternatively, as shown here,
the copolymer may have different geometric properties and be
able to form a more compact state that promotes membrane
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constriction and fission. Regardless of the mechanism, we suggest
that the ability to modulate polymer geometry will prove to be
a common function of mitochondrial dynamin adaptors.

Materials and Methods
Strains and Plasmids. Yeast strains and plasmids used in this study are listed in
Tables S2 and S3. Standard yeast and bacterial techniques were used for
construction and growth of strains (60, 61). Details of plasmid construction
can be found in SI Materials and Methods.

Fluorescence Microscopy. Mitochondrial morphologies were quantified as
described previously (28, 62, 63) in the indicated strains expressing mito-
chondrial-matrix–targeted fast-folding RFP (mito-ffRFP also referred to as
“mito-RFP”) or OMM-targeted GFP (mito-OMGFP; Fig. 4). Unless noted in the
text, Mdv1, Mff, and MiD49/51 proteins were expressed from the MET25
promoter and integrated at the MDV1 locus. Dnm1 and GFP-Dnm1 were
expressed from the native promoter and locus. Drp1 (variant 3) and GFP-
Drp1 were expressed from the MET25 and copper homeostasis 1 (CUP1)
promoters, respectively, on pRS416.

Overnight cultures were grown at 30 °C in the appropriate selective
synthetic dextrose medium containing 100 μg/mL methionine, were diluted
to 0.2 OD600 in medium containing 10 μg/mL methionine, and were grown

for 3–5 h. For Fig. 4C, cells were grown as described above but were diluted
continually into synthetic dextrose medium lacking methionine (to maintain
an OD600 between 0.2 and 1.0) and were scored at the indicated times.
Mitochondrial phenotypes and formation of GFP-Dnm1 puncta were scored
in 100 cells, and the data shown represent the average ± SEM of at least
three independent experiments. Images were acquired and processed as
described (28).

Time-Lapse Imaging. For single-color time-lapse imaging (Fig. 3), cells expressing
mito-RFP were grown in selective synthetic dextrose medium were applied
to Lab-Tek II Chamber wells (Thermo Scientific) treated with Concavalin A
(2 mg/mL; Sigma) and were maintained at 30 °C. Z stacks (0.2-μm optical
sections) of fields of cells were acquired every 7 s over a 20-min time course
using a 3i Marianas Live Cell Imaging microscope workstation (Intelligent
Imaging Innovations) equipped with dual ultra-sensitive Cascade II 512B
EMCCD cameras (Roper Scientific) configured with a Roper Dual-cam and
Sutter DG-4 Illuminator (Sutter Instruments) with a 100×, 1.45 NA Plan-
Apochromat objective (Zeiss). Data were deconvolved and analyzed using
SlideBook 4.2 software (Intelligent Imaging Innovations). Substacks con-
taining fission events were isolated from the entire stack to minimize signal
background and were assembled in Photoshop CS3 (Adobe). Brightness and
contrast were adjusted using only linear operations applied to the entire
image. For quantification, only cells that underwent one or more fission or
fusion events during the time course were selected for analysis. The results
were expressed as the number of fission or fusion events per cell during a
15-min interval.

For two-color time-lapse imaging (Fig. 4D), cells expressing GFP-Drp1, mito-
RFP, and the indicated mammalian adaptor (MiD49, MiD51, or Mff) were
grown in selective synthetic dextrose medium and applied to a Y04c micro-
fluidic chamber (CellASIC Corp.). Injection of cells and medium was controlled
by an ONIX Microfluidic Perfusion System and ONIX FG version 2.6 software
(CellASIC Corp.). Z stacks of cells (0.3-μm optical sections) were imaged every
30 s over a 30-min time course using an Observer Z1 microscope (Zeiss)
equipped with HE GFP (set 38) and mRFP (set 63) shift-free filter sets, an
Axiocam MRm Rev.3 camera, and a 100×, 1.4 NA Plan-Apochromat objective
(Zeiss). GFP and DsRed channels were acquired sequentially using AxioVision
4.8 software (Zeiss), and data were deconvolved and analyzed using AxioVision
4.6 software (Zeiss). Substacks containing fission events were isolated and as-
sembled as described above.

Protein Production. Human Drp1 (isoform 3; NP_005681.2), MiD49 (accession
number Q96C03), and Mff (accession number Q9GZY8) constructs, each con-
taining an N-terminal PreScission protease cleavage site and a FLAG-One-STrEP
tag (IBA), were expressed in JSY9612. Overnight cultures were diluted into
selective synthetic dextrose medium containing 1 mM CuSO4 to induce ex-
pression (final OD600 of 0.2) and were grown in a Belco fermentor at 30 °C for
24 h. After harvesting, cell pellets were snap frozen in liquid nitrogen as small
droplets and were pulverized in a freezer mill (3 min × 15 cycles). All sub-
sequent purification steps were performed at 4 °C. Cell powders were dis-
solved in either high ionic strength lysis buffer for hDrp1 [100 mM Tris·Cl (pH
8.0), 500 mM NaCl, 1 mM DTT, 1 mM EDTA] or low ionic strength buffer for
MiD49 or Mff [100 mM Tris·Cl (pH 8.0), 150 mM NaCl, 1 mM DTT, 1 mM EDTA]
containing Protease Inhibitor Mixture III (Calbiochem). The lysates were clari-
fied by centrifugation at 30,000 × g for 1 h, filtered (0.45 μm), loaded onto
a 5-mL StrepTrap HP column (GE Healthcare), washed with 1 L lysis buffer, and
cleaved in the column with PreScission protease (GE Healthcare) for 16 h. Drp1
was dialyzed against 20 mM Hepes (pH 7.4), 150 mM KCl, 2 mM MgCl2, 1 mM
DTT, and 0.5 mM EDTA, snap frozen in liquid nitrogen, and stored at −80 °C.
Mff and MiD49 were purified further by size-exclusion chromatography
(Sepharose 200; GE Healthcare), dialyzed against 20 mM Hepes (pH 7.4),
150 mM KCl, 2 mM MgCl2, 1 mM DTT, and 0.5 mM EDTA, and stored at 4 °C.
Equilibrium sedimentation analysis performed on purified protein indicated
that Drp1 variant 3 is a dimer in high ionic strength buffer [observed molecular
weight (MWobs)/calculated molecular weight (MWcal) = 2.17], the cytoplasmic
domain of Mff is a dimer (MWobs/MWcal = 2.25), and the cytoplasmic domain
of MiD49 is a monomer (MWobs/MWcal = 0.99) (Fig. S2).

GTPase Assay. Inorganic phosphate release was measured using themalachite
green phosphate assay (POMG-25H; BioAssay Systems) as described by the
manufacturer and by Leonard et al. (64). For the time-course analysis, Drp1
(0.6 μM) was assayed at 37 °C in high (500 mM KCl) or low (50 mM KCl) ionic
strength buffer containing 20 mM Hepes (pH 7.4), 2 mM MgCl2, 1 mM DTT,
and 100 μM GTP. Reactions were halted at the indicated times by diluting
20 μL in 25 mM EDTA (final concentration) in a microtiter plate. Although
25 mM EDTA was sufficient to halt the reaction, we found that higher EDTA
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no lipidno lipid

Drp1 GMP-PCP 4°CDrp1 GMP-PCP 4°C
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+ GMP-PCP 25°C+ GMP-PCP 25°C
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Fig. 6. Drp1 self-assembly induces lipid tubulation and constriction in vitro.
(A–F) Transmission electron micrographs of negatively stained Drp1 assem-
blies. (A) Drp1 protomers do not assemble in the absence of nucleotide at 4 °C.
(B) Drp1 assembles into limited rings in the presence of GMP-PCP at low
temperature (white arrow). (C) At 25 °C, Drp1 forms spirals or stacks of rings in
the presence of GMP-PCP that exclude liposomes containing molar 37% PS
(asterisk). (D) Drp1 assembles around liposomes containing molar 100% PS in
the presence of GMP-PCP at 25 °C. (E and F) Drp1-decorated lipid tubes as-
sembled in the presence of GMP-PCP were imaged after treatment with 1 mM
GTP for 10 s (E) or 30 min (F). (G) Average external diameters of Drp1 struc-
tures as indicated by white arrowheads in C–F. For all measurements, n = 50.
(Scale bars, 50 nm.)
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concentrations lowered the signal generated by the malachite reagent
during the development step. Samples were incubated at room temperature
with 20 μL Malachite Reagent (BioAssay Systems) and 60 μL water for 30 min,
and the absorbance at 600 nm was measured using a Modulus Microplate
Reader (Turner BioSystems). For the steady-state kinetic analysis, GTP assays
were performed at 37 °C in reactions containing 0.6 μM Drp1, 20 mM Hepes
(pH 7.4), 50 mM KCl, 2 mM MgCl2, and 1 mM DTT containing variable GTP
concentrations (0, 25, 50, 75, 100, 200, 300, 500, 1,000, 1,500, and 2,000 μM).
Fixed volumes were removed every 5 min for 70 min, quenched by EDTA,
and developed as described above. The kcat and the substrate concentration
at which velocity is one-half maximal (k0.5) were calculated in GraphPad
Prism using nonlinear regression curve fitting. For time-course analyses with
adaptor proteins, GTPase assays were performed in reactions containing
Drp1 (0.1 μM) plus or minus Mff (0.5 μM) or MiD49 (0.5 μM) at 37 °C in 50 μM
KCl, 20 mM Hepes (pH 7.4), 2 mM MgCl2, 1 mM DTT, and 200 μM GTP. In all
experiments, data shown are the average ± SEM values obtained from
triplicate samples analyzed at the same time. Each experiment was repeated
three times.

Velocity Sedimentation and Flotation Assays. For the velocity sedimentation
assay (Fig. 5C), 1.25 μM Drp1 was incubated in either low ionic strength
buffer [20 mM Hepes ( pH 7.4), 50 mM KCl, 2 mM MgCl2, 1 mM DTT] or high
ionic strength buffer [20 mM Hepes (pH 7.4), 500 mM KCl, 2 mM MgCl2,
1 mM DTT] for 1 h at 37 °C. The reactions were spun down at 40,000 rpm
(TLA 100 rotor) in a Beckman Optima MAX Ultracentrifuge for 1 h at 25 °C.
Supernatants were removed, and pellet fractions were resuspended in an
equal volume of buffer. Then 25 μL of total, supernatant, and pellet frac-
tions were separated on 10% SDS/PAGE gels and stained with Coomassie
Brilliant Blue dye. For the velocity sedimentation in Fig. 7A, 1.25 μM

MiD49ΔTM, 1.25 μM Drp1, or 1.25 μM of both proteins was dialyzed at 25 °C
into 20 mM Hepes (pH 7.4), 25 mM KCl, 2 mM MgCl2, 1 mM DTT, and 200 μM
GMP-PCP for 6 h. Samples were pelleted and processed for SDS/PAGE as
described above.

Liposome Preparation. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), cholesterol, 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sul-
fonyl) (Rhodamine-PE; ammonium salt), 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-
1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt; Ni2+-NTA-DOGS), and
DOPS were purchased from Avanti Polar Lipids in chloroform. Four types of
mixtures were prepared: (i) POPC, POPS, cholesterol, Rhodamine-PE were
mixed in a molar ratio 44.4:37:18.5:0.007 [37% phosphatidylserine (PS) lip-
osomes; Fig. 6C]; (ii) POPC, POPS, cholesterol, and Ni2+-NTA-DOGS were mixed
in a molar ratio 44.4:31:18.5:6 (nickel liposomes); (iii) 100% DOPS (100% PS
liposomes; Fig. 6 D–F); and (iv) POPC:cholesterol were mixed in a molar ratio
80:20 (neutral liposomes). For formulation 3 (100% PS), we used the dioleoyl
form of phosphatidyl-serine to preserve fluidity and solubility of the liposomes.

Chloroform was evaporated by gentle vortexing under a steady stream of
nitrogen gas to make a thin lipid film around the walls of glass vials. These
films were dried under vacuum for 1 h at room temperature. Dried lipid films
then were resolubilized in absolute hexane. The hexane also was evaporated
under streaming nitrogen while vortexing, followed by a second round of
desiccation for 3–4 h at room temperature. Lipid films were suspended in
aqueous buffer [20 mM Hepes (pH 7.5), 100 mM KCl] by vortexing at room
temperature. Aliquots from the liposome preparation were stored at −80 °C.

Flotation Assays. Liposomes and proteins were mixed in a molar ratio of
1,000:1 (lipid:protein) in Beckman polycarbonate centrifuge tubes. After 1-h
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incubation at 4 °C, the mixtures were homogenized with 300 μL 2 M sucrose
in 20 mM Hepes (pH7.5), 100 mM KCl, 1 mM GMP-PCP (∼1.5-M final sucrose
concentration). Two additional layers of 1 M (150 μL) and 0.5 M (300 μL)
sucrose in the same buffer were overlaid carefully (in that order) on top of
the homogenized mixture. The mixtures were spun using a TLS-55 rotor in
a Beckman centrifuge for 1 h at 54,000 rpm (4 °C). After the spin, the lip-
osomes migrated to interfaces between individual sucrose layers and could
be seen as turbid bands. The interfaces between individual sucrose layers
were collected by pipetting and analyzed by 10% SDS/PAGE and Coomassie
Brilliant Blue staining.

In Vitro Membrane Binding and Tubulation Reactions. For Drp1 tubulation
reactions, DOPS liposomes were mixed with protein (1:1, mass:mass). After 1 h,
GMP-PCP was added, and the sample was incubated for 4 h at room temper-
ature. The effects of GTP hydrolysis were analyzed in two ways. First, after
adsorption of the lipid and proteinmixtures to EMgrids, the samplewaswashed
in 1 mM GTP followed immediately by blotting and staining. Second, a stock of
10mMGTPwas added to lipid-proteinmixtures to afinal concentration of 1mM
GTP for 30 min before the mixtures were applied to EM grids for staining.

For Drp1-MiD49 copolymerization, proteins were mixed 1:1 (mass:mass)
with or without liposomes and were dialyzed overnight against 20 mM
Hepes, 25 mM KCl, 200 mM GMP-PCP, 2 mM MgCl2, and 1 mM DTT.

EM. For negative-stain EM, carbon-coated copper grids were glow dis-
charged for 15 s. Then 5 μL of the sample was added to the surface,
blotted, and stained with 1% uranyl acetate. Images were acquired using
an FEI Tecnai T12 electron microscope equipped with a LaB6 filament and
operated at 120 kV. Magnifications of 21,000–42,000× were recorded on
a Gatan CCD.
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