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Mitochondrial fission is a crucial cellular process mediated by
the mechanoenzymatic GTPase, dynamin-related protein 1
(Drpl). During mitochondrial division, Drp1 is recruited from
the cytosol to the outer mitochondrial membrane by one, or
several, integral membrane proteins. One such Drpl partner
protein, mitochondrial fission factor (Mff), is essential for mito-
chondrial division, but its mechanism of action remains unex-
plored. Previous studies have been limited by a weak interaction
between Drpl and Mff in vitro. Through refined in vitro recon-
stitution approaches and multiple independent assays, we show
that removal of the regulatory variable domain (VD) in Drpl
enhances formation of a functional Drp1-Mff copolymer. This
protein assembly exhibits greatly stimulated cooperative
GTPase activity in solution. Moreover, when Mff was anchored
to a lipid template, to mimic a more physiologic environment,
significant stimulation of GTPase activity was observed with
both WT and AVD Drpl. Contrary to recent findings, we show
that premature Drpl self-assembly in solution impairs func-
tional interactions with membrane-anchored Mff. Instead,
dimeric Drpl species are selectively recruited by Mff to initiate
assembly of a functional fission complex. Correspondingly, we
also found that the coiled-coil motif in Mff is not essential for
Drpl interactions, but rather serves to augment cooperative
self-assembly of Drpl proximal to the membrane. Taken
together, our findings provide a mechanism wherein the multi-
meric states of both Mff and Drp1 regulate their collaborative
interaction.

Mitochondria undergo continuous cycles of fission and
fusion to maintain a functional organelle network within
eukaryotic cells. This mitochondrial network is crucial for ATP
generation, apoptotic signaling, and calcium homeostasis.
When the proper balance of mitochondrial dynamics is dis-
rupted, mitochondrial dysfunction is observed (1, 2). This

insult is associated with increased cell death in several human
diseases, including neurodegenerative disorders (3, 4), ischemia-
reperfusion injury (5, 6), and glaucoma (7). Therefore, mito-
chondprial division has developed into a compelling therapeutic
target for intervention with small molecule and peptide inhib-
itors that limit cell death in several of these pathologies (8 —13).

The master regulator of mitochondrial fission, dynamin-re-
lated protein 1 (Drp1),> has been targeted in these diseases.
Similar to other dynamin family members, Drpl is a large
GTPase that mediates membrane remodeling. The primary
sequence of Drpl is composed of four conserved regions (see
Fig. 1A): the GTPase domain, middle domain, variable domain
(VD), and GTPase effector domain (GED). Hydrolysis of GTP
triggers conformational changes in Drp1 oligomers that gener-
ate the mechanical force needed to promote mitochondrial
membrane scission (14, 15), and factors that inhibit Drpl
GTPase activity prevent mitochondrial division (8, 16, 17). The
middle and GED domains promote Drp1 self-assembly, which
is also critical for its role in facilitating mitochondrial fission
(18, 19). In vitro, the addition of negatively charged lipids
increases Drpl self-assembly to form larger helical assemblies
that represent the contractile apparatus of mitochondrial fis-
sion (20), and these functional polymers exhibit stimulated
GTPase activity (14, 21-23). The VD has recently been shown
to act as a negative regulator of Drp1 self-assembly (14) with an
inherent ability to interact with cardiolipin (CL) present in
mitochondrial membranes (21, 23-25). Studies in yeast have
shown that the VD is required for interactions with a mitochon-
drial adaptor protein (26), but the partner protein identified in
that study is not conserved in higher eukaryotes, which suggests
that the role of the VD may have evolved in higher organisms to
accommodate different regulatory interactions in the cytosol
and at the surface of mitochondria.

Drpl interactions with multiple outer mitochondrial mem-
brane (OMM)-anchored transmembrane proteins have been
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identified to promote its recruitment to the mitochondria (26 —
28). One such protein is mitochondrial fission factor (Mff), and
genetic studies have unambiguously shown that Mff is critical
for Drpl recruitment to the OMM. In fact, Mff deletion sup-
presses Drpl localization to mitochondria (29), which results in
an excessively interconnected mitochondrial network (30).
Concomitantly, overexpression of Mff results in excessive
mitochondrial fission (29). Although Drp1-Mff interactions are
crucial for mitochondrial dynamics, the interaction between
Drpl and Mff appears to be transient. Previous studies report
that Drpl GTPase activity is either unaffected (31) or mildly
enhanced in vitro in the presence of Mff (32). Additionally,
crosslinking agents are required to capture a stable complex
using pulldown experiments (29, 30). Given this relatively weak
affinity, the molecular basis for Drp1-Mff interactions remains
uncharacterized.

Using a combination of biochemical, cellular, and EM meth-
ods, we have examined the structural and functional ramifica-
tions of Drp1 and Mffinteractions in vitro. The role of the VD in
Mff interactions was investigated by examining established
assembly mutants and distinct Drp1 isoforms. We find that the
Drpl VD negatively regulates the assembly of a functional fis-
sion complex dependent on Drpl interaction with Mff. Using
mutations that alter the oligomeric state of Drp1 in solution, we
show that Mff selectively assembles Drpl dimers into large
complexes with greatly stimulated GTPase activity. Our results
also show that the conserved coiled-coil (CC) motif in Mff
improves the efficiency of Drpl recruitment and provides a
scaffold to coordinate Drpl assembly. Therefore, effective,
functional interactions within the mitochondrial fission com-
plex are shaped by the oligomeric tendencies of both Drp1 and
MIf.

Experimental Procedures

Protein Constructs and Mutagenesis—Drpl Isoforms 1 and 3
(Drp1-1 and Drpl1-3; UniProt IDs O00429-1 and O00429-4)
and Drpl Isoform 1 lacking residues 517-639 (AVD) were
cloned into a pCal-n-EK vector with a human rhinovirus 3C
protease (HR3CP) site as described previously (14). Mff lacking
its transmembrane (TM) segment (MffATM; UniProt ID
Q9GZY8-5, residues 1-218) and Mff lacking both its CC and its
TM (Mff ACC-TM,; residues 1-186) were cloned into pET28a
with a C-terminal His, affinity tag using Ncol and HindIII re-
striction sites introduced during PCR amplification. Site-di-
rected mutagenesis was performed using the QuikChange
Lightning kit (Agilent).

Protein Expression and Purification—All Drpl constructs
were expressed in BL21-(DE3) Star Escherichia coli in LB broth
for 24 h at 18 °C after induction with 1 mm isopropyl-1-thio-3-
D-galactopyranoside. Cells were harvested by centrifugation,
and then stored at —60 °C until purification. Cells were resus-
pended in Cal-A buffer (0.5 m L-arginine, pH 7.5, 0.3 M NaCl, 5
mMm MgCl,, 2 mm CaCl,, 1 mmimidazole, and 10 mm BME) with
Pefabloc-SC (0.5 mw final), and cells were lysed by sonication
on ice. Cell lysates were cleared by centrifugation at 150,000 X
gfor 1 h at 4°C, and the supernatant was isolated. Affinity
capture was performed using gravity filtration with calmodulin
agarose (Agilent) pre-equilibrated with fresh Cal-A buffer.
SASBMB
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After the supernatant was loaded, the resin was washed with 25
column volumes of Cal-A followed by 8 elutions with 0.5 col-
umn volumes of Cal-B buffer (0.5 M L-arginine, pH 7.5, 0.3 M
NaCl, 2.5 mm EGTA, and 10 mm BME). Protein-containing
fractions were pooled and incubated overnight at 4 °C with His-
tagged HR3CP. This solution was concentrated using a 30,000
molecular weight cut-off centrifugal concentrator for all con-
structs excluding AVD due to its propensity to polymerize and
fall out of solution. Protein samples were further purified by
size exclusion chromatography (SEC) using an AKTA Purifier
FPLC (GE Healthcare) and a Superdex 200 16/600 column
equilibrated with a HEPES column buffer containing 150 mm
salt (HCB150: 50 mm HEPES(KOH), pH 7.5, 0.15 Mm KCl, and 10
mM BME) and 5 mm MgCl,. All Drpl-containing fractions
resolved by the column were collected and concentrated, and
glycerol was added to 5% final. This isolated protein was ali-
quoted, frozen, and stored at —60 °C until use.

Mffwas expressed in BL21-(DE3) E. coli in LB broth for 4 h at
30 °C after induction with 0.5 mMm isopropyl-1-thio-B-p-galac-
topyranoside. Cells were harvested by centrifugation and
stored at —60 °C until purification. Cells were resuspended in
immobilized metal affinity chromatography (IMAC)-A buffer
(50 mMm Tris-HCI, pH 7.5, 0.5 M NaCl, 20 mm imidazole, 10 mm
BME) with Pefabloc-SC (0.5 mwm final), and cells were lysed by
sonication on ice. Cell lysates were cleared as described above,
and affinity capture was performed using FPLC and a pre-
packed HiTrap IMAC column (GE Healthcare) charged with
Ni*" and equilibrated with IMAC-B (50 mm Tris-HCI, pH 7.5,
0.1 m NaCl, 20 mm imidazole, 10 mm BME). Clarified lysate was
loaded onto the column, and then washed to baseline with
IMAC-B. Mff was eluted from the column with a linear gradient
from 0 to 100% IMAC-C (50 mm Tris-HCL, pH 7.5, 0.1 m NaCl,
250 mm imidazole, 10 mm BME) over 10 column volumes. Pro-
tein-containing fractions were pooled, diluted 10-fold in ion
exchange (IEX)-A (50 mm Tris-HCI, pH 7.5, 10 mm BME), and
loaded onto a Q Sepharose anion exchange column (GE
Healthcare). The column was washed to baseline with IEX-A,
and Mff was eluted by the addition of 10% IEX-B (50 mm Tris-
HCI, pH 7.5, 1 M NaCl, 10 mm BME). Peak Mff fractions were
pooled, concentrated, and subjected to SEC using a Superdex
200 16/600 column with HEPES column buffer containing 300
mwm salt (HCB300: 50 mm HEPES (KOH), pH 7.5; 0.3 M NaCl; 10
mM BME). Mff peak fractions were pooled and concentrated
with a 10,000 molecular weight cut-off centrifugal concentra-
tor, 5% glycerol was added, and aliquots were frozen and stored
at —60 °C until use.

Liposome Preparation—Three distinct lipid formulations
were utilized in this study: scaffold liposomes (SL: 96.7% 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 3.3% 1,2-dio-
leoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodia-
cetic acid)succinyl] (nickel salt) (DGS-NTA(Ni*"))); scaffold
liposomes with cardiolipin (SL/CL: 86.8% DOPC, 3.3% DGS-
NTA(Ni*"), 9.9% bovine heart cardiolipin); and scaffold lipo-
somes with phosphatidylethanolamine (PE) and CL (SL/PE/CL:
51.8% DOPC, 3.3% DGS-NTA(Ni*"), 35% 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), and 9.9% bovine
heart cardiolipin). All lipids used in this study were purchased
from Avanti Polar Lipids (Alabaster, AL). Lipids were mixed
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and dried to a thin film with a stream of nitrogen gas. Trace
solvent was removed with a SpeedVac at 37 °C for 1 h immedi-
ately after films were prepared. The lipids were rehydrated in
HCB150 for 30 min in a 37 °C water bath with occasional vor-
texing. Resuspended lipid solutions were freeze-thawed and
extruded through a 1.0-um polycarbonate filter. Lipid solu-
tions were stored at 4 °C or on ice until use.

GTPase Assay—Drpl GTPase activity was determined using
a colorimetric phosphate generation assay (33) with some mod-
ifications. Briefly, Mff (4.95 um final) was diluted to 4X with
HCB150 in the presence or absence of SL or SL/CL (150 um
total lipid final) for 15 min at room temperature. This solution
was added to 1.2X Drp1 (500 nu final), and then incubated for
an additional 15 min at room temperature. 3X GTP/Mg>" (1
mMm and 2 mm final, respectively) in HCB150 was added to
Drp1/Mff mixtures to start reactions, and samples were incu-
bated at 37 °C. At the designated time points, EDTA (0.1 m
final) was added to sample aliquots. Malachite green reagent (1
mMm malachite green carbinol, 10 mM ammonium molybdate
tetrahydrate, and 1 N HCIl) was added to each sample, and
ODg;, was measured using a VersaMax microplate reader
(Molecular Devices). Using Excel (Microsoft), the obtained raw
phosphate levels were converted into rates using all data that
contributed to a linear trend (minimum of three time points).
These rates were converted to k_,, by accounting for Drp1 con-
centration and plotted in GraphPad Prism 6. Statistical signifi-
cance was determined using an unpaired ¢ test.

The concentration dependence of Mff-induced stimulation
of Drpl GTPase activity was assayed using varying Mff concen-
trations. The obtained k_,, was plotted as a function of Mff
concentration, and the data were fit with the nonlinear log(ago-
nist) versus response fit using GraphPad Prism 6.

Negative Stain Transmission Electron Microscopy—For all
microscopy, samples were prepared as indicated, adsorbed to
carbon-coated grids, and stained with 2% uranyl acetate. Sam-
ples were visualized on a Tecnai T12 (FEI Co.) electron micro-
scope at 100 keV, and images were acquired using a Gatan 4k X
4k camera at a magnification of 49,000X (in the absence of
liposomes) or 18,500 (in the presence of liposomes).

Size Exclusion Chromatography with Multi-angle Light
Scattering—To accurately determine the oligomeric distribu-
tion of Drp1 in solution, proteins were fractionated on a Super-
ose 6 10/300 GL SEC column in HCB150 containing 1 mm DTT
rather than BME. Column eluate was analyzed by tandem
miniDAWN TREOS MALS and Optilab rEX differential refrac-
tive index detectors (Wyatt Technologies) as described previ-
ously (23). Molar mass was determined using the ASTRA 6.1
software package (Wyatt technologies) and was plotted with
molar mass (right axes) and normalized refractive index (left
axes) as a function of elution volume. Drp1-3 (10 um), AVD (6
M), and Mff (75 um) and corresponding mutants were loaded
in a total volume of 0.5 ml.

Co-sedimentation Assay—To identify proteins within oligo-
meric complexes, an ultracentrifugation sedimentation assay
was used. Briefly, Drpl constructs (2 um) in the absence and
presence of MffATM (10 uM) were combined in HCB150 for 2h
at room temperature. Samples were centrifuged 30 min at
160,000 X g at 4 °C. Supernatant was discarded, and pellets

480 JOURNAL OF BIOLOGICAL CHEMISTRY

were washed and recentrifuged twice. The final pellet was
resuspended in 1X Laemmli buffer, resolved by SDS-PAGE,
and stained with Instant Blue (Expedeon, Cambridge UK) to
identify proteins that sedimented in oligomeric complexes.

Glutaraldehyde Crosslinking EMSA—M{f interactions with
AVD and AVDS3%3P were investigated using a chemical cross-
linking electrophoretic mobility shift assay. Briefly, 3 um AVD
or AVD3%3P was incubated for 30 min in the presence or
absence of 15 um MffATM in HCB150. Each protein combina-
tion was treated with either HCB150 or 5.5 mwm glutaraldehyde
diluted in HCB150 for 30 min at room temperature. Crosslink-
ing was quenched with Tris-HCI, pH 7.5, at a final concentra-
tion of 150 mm for at least 15 min at room temperature. Samples
were dissolved in Laemmli buffer and resolved by SDS-PAGE.
Completed SDS-PAGE gels were either stained for total protein
by Instant Blue (Expedeon) or transferred to a PVDF mem-
brane, and Mff was detected using an anti-His antibody
(1:3,000, Thermo Scientific).

Cell Culture and Immunocytochemistry—All mouse embry-
onic fibroblasts (MEFs) were maintained in DMEM supple-
mented with 10% heat-inactivated FBS and 1% penicillin/strep-
tomycinat 37 °Cin 5% CO,/95% air. Cells were transfected with
1 ng of plasmid DNA encoding Myc-tagged Drpl Isoform 1,
Myc-Drpl Isoform 3, or Myc-Drpl AVD using TransIT-2020
transfection reagent (Mirus Bio, Madison, WI) according to the
manufacturer’s protocol.

Cells cultured on coverslips were washed with cold PBS, fixed
in 4% formaldehyde, and permeabilized with 0.1% Triton
X-100. After incubation with 2% normal goat serum (to block
nonspecific staining), fixed cells were incubated overnight at
4 °C with rabbit anti-Tom?20 (1:500; Santa Cruz Biotechnology,
Santa Cruz, CA) and mouse anti-Myc (1:500; Santa Cruz Bio-
technology) primary antibodies. Cells were washed with PBS
and incubated with Alexa Fluor 488-conjugated anti-mouse
and Alexa Fluor 568-conjugated anti-rabbit secondary antibod-
ies (1:500; Invitrogen) for 60 min at room temperature. Cover-
slips were mounted on glass slides and imaged by confocal fluo-
rescence microscopy using an Olympus FV1000 IX81 confocal
microscope (Olympus USA).

To quantitate mitochondrial fragmentation, cells were
immunostained with anti-Tom20 and anti-Myc antibodies as
described. Mitochondrial morphology was then examined in
Myc-Drpl-expressing cells. The percentage of Myc-Drpl-ex-
pressing cells with fragmented mitochondria relative to the
total number of Myc-Drpl-expressing cells was calculated. To
quantitate Drpl localization on the mitochondria, Pearson’s
co-efficient of AVD localization on mitochondria was calcu-
lated in cells expressing Drpl AVD.

Assessment of Drpl Expression in MEFs—Drpl KO MEFs
were transfected with the indicated plasmids as described.
Total protein was harvested 24 h after transfection, and protein
concentration was determined by Bradford assay. Thirty ug of
total protein was resuspended in Laemmli buffer, resolved by
SDS-PAGE, and transferred onto nitrocellulose membranes.
Membranes were probed with anti-Myc and anti-actin anti-
bodies (1:1000 dilution for both, Sigma-Aldrich) followed by
visualization using enhanced chemiluminescence.
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Results

The Variable Domain of Drp1 Limits Productive Interaction
with Mff—In this study, Drpl constructs were expressed and
isolated as described previously (14), and the affinity tag was
removed to examine the properties of the native Drpl
sequence. Initially, the role of the VD was investigated given its
proposed role in interactions with partner proteins (26). To
study this region, the previously characterized VD deletion
mutant (AVD) was expressed and isolated (14, 22). Recent stud-
ies have implied that different Drp1 isoforms may have distinct
cellular interactions (34), but the functional role of these
sequence changes is not fully understood. Therefore, Drpl
splice variants with maximal (Isoform 1, or Drp1-1) and mini-
mal (Isoform 3, or Drp1-3) sequence inclusion in the VD were
also used to examine Drp1-Mff interactions (Figs. 1 and 2). The
basal GTPase activity of each construct was assessed using a
colorimetric assay, as described previously (33), and the k_,, of
both Drp1-1 and Drp1-3 was found to be 1.8 min~* (Fig. 1B),
which is consistent with previous studies using tagless or His-
tagged Drpl constructs (21, 23). The GTPase activity of AVD
was slightly diminished when compared with WT constructs
(0.98 min™1), which was also observed previously (14, 22).

To characterize the interaction between Mff and Drpl, the
GTPase activities of Drpl-1, Drp1-3, and AVD were measured
in the absence and presence of MffATM-His, (referred to as
Mff from here on). Consistent with previous studies (31), no
difference in the GTPase activity of Drpl-1 and Drpl-3 was
observed when Mff was present in solution. However, the
GTPase activity of AVD was stimulated more than 10-fold
when Mff was present (Fig. 1B). This stimulation of AVD by Mff
was dependent on concentration (Fig. 1C), and Mff at 5 um was
shown to elicit the maximal response. Therefore, this concen-
tration of Mff was used in all subsequent GTPase assays.

To further examine interactions between Drp1 and Mff, neg-
ative stain EM analysis was used to assess the formation of dis-
tinct macromolecular complexes. Samples were made that con-
tained Drp1 alone and, separately, Drpl was incubated with a
5-fold molar excess of the cytosolic portion of Mff lacking its
TM segment (MffATM; residues 1-218). When each of the
Drp1 constructs were examined alone, small protein complexes
were readily observed (Fig. 1, E-G), and no large polymers were
apparent. In the case of Drpl-1 and Drpl-3, these complexes
likely represent smaller multimeric Drp1 species that predom-
inate at this concentration (Fig. 1D) (23).

When Mff was added to the Drpl-1 and Drpl-3 solutions,
the protein complexes appeared to be small and well dispersed
(Fig. 1, H-I), and larger complexes were still absent. Con-
versely, when Mff was added to AVD in solution (Fig. 1)), large
filamentous polymers were observed with an average diameter
of 24.2 = 2.6 nm (n = 384). This increased assembly of Drpl
into filaments was consistent with the observed stimulation in
GTPase activity (Fig. 1B). Therefore, we demonstrate that
removal of the VD favors Drpl-Mff interactions, which paral-
lels recent findings (35). In addition, we now show that this
interaction nucleates the formation of large, functional protein
complexes.
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As the VD has been shown to regulate Drpl self-assembly
(14), we examined the oligomeric propensities of WT and AVD
Drpl using size exclusion chromatography coupled to multi-
angle light scattering (SEC-MALS) analyses (Fig. 1D). Consist-
ent with previous studies (23), Drp1-3 was shown to equilibrate
between dimers and higher-order multimers (Fig. 1D, black),
and a similar trend was observed for Drp1-1 (see the accompa-
nyingarticle (42)). Conversely, AVD was found to be exclusively
dimeric (Fig. 1D, red). The role of the VD in regulating Drpl
self-assembly was previously demonstrated as assembly-
primed, calmodulin-binding peptide (CBP)-tagged AVD effi-
ciently formed oligomers in solution and bound to lipid (14).
However, at the concentrations used in these studies with
untagged protein, assembly-competent AVD dimers formed
large polymers only in the presence of Mff. Collectively, these
results show that Mff preferentially supports stable assembly of
DrplAVD dimers in solution.

Tethering of Mffto Liposome Scaffolds Stimulates Drp1-3 and
AVD GTPase Activity—Although robust oligomerization and
stimulation of AVD GTPase activity were observed in the pres-
ence of Mff, no corresponding changes were observed with
Drpl-1and Drpl-3insolution. Because Mffis an integral mem-
brane protein, a model system was developed to mimic Drp1-
Mff interactions proximal to a lipid bilayer.

A His, tag engineered at the C terminus of Mff was used as a
handle to tether the protein on SL containing 3.3 mol % DGS-
NTA(Ni*") lipid (Fig. 24). In this way, Mff is oriented at the
lipid bilayer with its C terminus anchored to the membrane
surface akin to the native protein. A similar approach has pre-
viously been employed to study interactions of other proteins at
the plasma membrane (36, 37). Using this strategy, Mff abun-
dance at the membrane surface and the stoichiometry of Mff-
Drpl interactions could be tightly controlled. Moreover, the
lipid composition used was intentionally inert (96.7% DOPC) to
exclusively measure the effect of tethered Mff on Drpl func-
tion, and not Drp1 stimulation by lipid alone. A separate lipid
mixture that incorporated 10 mol % CL, termed scaffold lipid
with cardiolipin (SL/CL), was used to explore the potential role
of this dimeric, negatively charged phospholipid in promoting
interactions between Drp1 and Mff. Importantly, this lower CL
concentration also limits lipid stimulation of Drpl GTPase
activity and ensures that any changes in enzyme activity
were principally due to interactions with Mff on the lipid tem-
plate. Consistent with earlier studies (23), we found that
GTPase activity of Drpl was not significantly altered in the
presence of either lipid mixture (=20% difference in activity
when SL or SL/CL was added).

When these topology-enforced liposomes were used, stimu-
lation of WT Drpl GTPase activity was observed in the pres-
ence of Mff. However, under these conditions, this change was
dependent on the Drpl isoform used. For Drpl-1, GTPase
activity was unaffected by the addition of Mff tethered to either
SL or SL/CL (Fig. 2, Band C). On the other hand, Drp1-3 exhib-
ited a 1.8-fold stimulation (3.2 min~") in the presence of Mff-
decorated SL (Fig. 2B). The presence of CL in the lipid template
significantly enhanced the stimulation in activity (2.6-fold
increase) when Drpl-3 was added to SL/CL with Mff (5.1
min~", p < 0.0005; Fig. 2C).
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FIGURE 2. Coupling of Mff to topology-enforcing liposomes enhances Drp1 stimulation. A, schematic representations of the scaffold liposomes used in
this study. Drp1 does not interact with liposomes in the absence of Mff (left), but Drp1 is recruited to Mff-decorated liposomes (right). Band C, GTPase activities
were measured for Drp1-1, Drp1-3,and AVD (0.5 um for each) in the absence (white) or presence (black) of Mff (5 um) tethered to SL (B) and SL templates with
10% CL (SL/CL: 150 um) (C). *, p < 0.0005. D-G, negative stain EM images of Drp1-3 (D and E) and AVD (F and G) (1 um) added to scaffold liposomes (SL: 150 um)

in the absence (D and F) or presence (E and G) of MffATM (5 um). Scale bar, 100 nm.

When compared with WT Drpl, AVD GTPase activity was
more robustly stimulated in the presence of Mff-decorated
liposomes, which is consistent with experiments performed in
solution (Fig. 1B). Mff tethering slightly enhanced stimulation
of AVD activity (k.,, = 15.2 min™', an ~15-fold increase when
compared with a 10-fold increase in solution; Fig. 2B), which
reflects the increased local concentration of Mff on the mem-
brane. When AVD was added to Mff coupled to SL/CL, a com-
parable stimulation (13.9 min~') was observed that was not
significantly distinct from the stimulation on SL (p = 0.46, Fig.
2C). Therefore, the enhanced stimulation observed with
Drp1-3 in the presence of limiting amounts of CL was attrib-
uted to VD interactions with the lipid template that were oth-
erwise missing in the deletion mutant.

When examined by EM, no discernible remodeling was
observed when Drpl-3 or AVD was added to lipid templates

lacking Mff, and no macromolecular complexes were observed
(Fig. 2, D and F, respectively). This result is consistent with the
lack of stimulated GTPase activity. Interestingly, when Drp1-3
was incubated with Mff-decorated liposomes, there was no evi-
dent membrane remodeling (Fig. 2E), although GTPase activity
stimulation was observed (Fig. 2, B and C). When these templates
were pre-incubated with Mff, the addition of AVD led to the for-
mation of filamentous protein structures on the surface of the lipo-
somes (Fig. 2G), and these structures were similar to those found in
solution (Fig. 1)). The increase in stimulated GTPase activity,
when compared with Drpl-3, is attributed to the greater abun-
dance and enhanced assembly of Drp1 polymers mediated by Mff
interactions at the surface of the liposome.

Alterations within the VD Modulate Drpl-mediated Mito-
chondrial Fission in MEFs—Because there was a clear distinc-
tion in the activities of Drpl splice variants and the AVD

FIGURE 1.The VD of Drp1 is a negative-regulator of Mff-induced self-assembly. A, schematic representation of the proteins used in this study, including WT
Drp1 Isoforms 1 and 3 (Drp1-1 and Drp1-3) and the AVD mutant. The GTPase, middle, VD, and GED domains are highlighted. The yellow region in Drp1-1
represents the alternatively spliced B-insert. B, GTPase activity of Drp1-1, Drp1-3, and AVD (0.5 um final for each) in the absence (white) or presence (black) of
Mff (5 um) in solution. *, p < 0.0005. C, GTPase activity of AVD (0.5 umfinal) in the presence of MffATM at various concentrations. D, SEC-MALS was used to assess
the solution oligomer state of Drp1-3 (black trace) and AVD (red trace). Dotted lines on the right axis correspond to the indicated oligomer based on the
predicted molecular mass of indicated Drp1 multimers. dRl, normalized differential refractive index. E-J, negative stain EM images of Drp1-1 (E and H), Drp1-3
(Fand /), and AVD (G and J) are shown in the absence (E-G) or presence (H-J) of Mff. Scale bar, 100 nm.
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mutant, each of these proteins was expressed in MEFs lacking
Drpl (Drpl~/~ MEFs) (38) and changes in mitochondrial mor-
phology were evaluated. Overexpression of Myc-tagged
Drpl-1, Drpl-3, and AVD in Drplf/fMEFs (Fig. 3, A and C)
resulted in significant mitochondrial fragmentation (Fig. 3B).
Overexpression of all Myc-Drp1 constructs was capable of res-
cuing significant mitochondrial fragmentation within these
cells lacking endogenous Drp1, although Drpl-3 overexpres-
sion resulted in a more potent effect than did Drp1-1 (Fig. 3B).
Interestingly, mitochondrial fission was observed when AVD
was overexpressed, but its effect was significantly diminished
when compared with WT proteins (Fig. 3B). Thus, the inclu-
sion of the VD results in a more efficient fission machinery in
cells, and alternative splicing can modulate this activity.

To examine the recruitment of AVD to the OMM in cells, the
same construct was expressed in WT and Mff-knock-out
(Mff¥T and Mff /" respectively) MEFs (Fig. 3D). Little, if any,
mitochondrial fragmentation was observed when comparing
Mff¥T and Drpl~/~ MEFs using a control vector (Fig. 3, B and
E). Overexpression of AVD led to a significant increase in frag-
mentation in both cell lines, and this response was greatly
attenuated in Mff '/~ MEFs (Fig. 3E). This reduction in fission
was attributed to decreased recruitment of AVD in cells lacking
Mff, as AVD was efficiently recruited to the mitochondria
in Mff¥" MEFs. This recruitment was reduced by ~50% in
Mff~’~ MEFs (Fig. 3F). Based on these findings, Mff targets
AVD to mitochondria, but fission appears to be impeded
post-recruitment.

The Assembly-incompetent Drpl G363D Mutant Is Insensi-
tive to Mff Interactions—Drpl-Mff interactions with the great-
est stimulation in GTPase activity appeared to be dependent on
the ability of Drpl to self-assemble into higher-order oligo-
mers. In fact, the AVD mutant has previously been shown to
potentiate Drp1 assembly into larger polymers (14). This could
explain the enhanced Mff-induced oligomerization of AVD
when compared with Drp1-3, as well as the increased stimula-
tionin GTPase activity. To test this idea, the assembly-defective
Drpl G363D mutant was used. This middle domain mutation
prevents Drpl self-assembly into species larger than a dimer
(18, 39).

To confirm the oligomeric potency of the G363D mutant
(Drp1-392*P) when compared with WT Drp1, SEC-MALS was
used. As shown previously (23), Drp1-3 in solution exists as a
mixture of dimers and higher-order multimers (Fig. 44, black
trace). When the G363D mutation was introduced to the
Drp1-3 construct (Drp1-393¢3P), the isolated protein migrated
predominantly as a dimer in solution (Fig. 44, blue trace). In
solution, the Drp1-39%¢* mutant did not exhibit any defect in
GTPase activity when compared with WT (Fig. 4C), and
GTPase activity was unaffected when undecorated SL or SL/CL
were added (Fig. 5, A and F). Unlike Drpl-3, the assembly-
incompetent Drp1-3933P did not exhibit stimulated GTPase
activity when it was added to Mff-decorated SL or SL/CL tem-
plates (Fig. 5, A and F, respectively). This result shows that the
Mff-induced stimulation of GTPase activity reflects enhanced
Drp1 self-assembly proximal to the membrane template.

To complement these studies, a double mutant was gen-
erated that combined the G363D and AVD mutations

484 JOURNAL OF BIOLOGICAL CHEMISTRY

(AVDS3%3P), This mutant was designed to restrict the self-as-
sembly properties of AVD that result in higher-order oligo-
mers. SEC-MALS analysis revealed that AVDS3%3P is also pre-
dominantly dimeric (Fig. 4B, blue trace). Therefore, AVD and
AVDS3%3P are both dimers and only differ in their ability to
form higher-order oligomers. This mutant allowed us to
directly evaluate the role of Drp1 self-assembly on Mff-induced
polymerization and GTPase stimulation.

The GTPase activity of AVDS?%3P was similar to AVD, and
the double mutant did not exhibit an increase in activity when
assayed in the presence of undecorated SL or SL/CL (Fig. 5, B
and G). Although the addition of Mff to AVD in solution yields
an ~10-fold stimulation in activity, no stimulation was
observed with AVDS3¢3P (Fig. 4D). Moreover, stimulation in
the presence of Mff coupled to SL or SL/CL was completely
abolished when using the AVDS?**” mutant (Fig. 5, B and G,
respectively). EM analyses confirmed these findings as the large
filamentous structures observed when AVD was added to Mff
(Fig. 4E) were not observed using AVDS3%*P (Fig. 4F). Similarly,
the liposome-targeted filamentous structures observed when
AVD was added to Mff-decorated SL (Fig. 5C) were not
detected when AVD%?**” was incubated with the same tem-
plate (Fig. 5D). Based on these results, Mff stimulates Drpl
activity by supporting cooperative self-assembly into large, fil-
amentous structures.

Although the G363D mutation prevents Drp1 self-assembly,
it was unclear whether this dimeric mutant could still interact
with Mff. Co-sedimentation analysis showed that AVD formed
stable complexes with Mff, but consistent with our EM obser-
vations, AVDS3**” was unable to form large polymers that
would sediment (Fig. 4H). To capture short-lived intermediates
of Drp1-Mff in solution, a nonspecific amine-to-amine chemi-
cal crosslinker, glutaraldehyde, was utilized. Electrophoretic
mobility shifts were visualized by SDS-PAGE and Western blot
analyses to identify covalently linked Drpl-Mff complexes.
Both AVD and AVD%?%3P were found to interact with MffATM
in solution as unique complexes were observed. We also
noticed that MffATM was shifted into larger molecular weight
complexes, which demonstrates an association with both AVD
and AVD©3%3P (Fig, 41). Collectively, these experiments dem-
onstrate that Drpl dimers clearly interact with Mff, but Drpl
self-assembly is required for complex stabilization. Conse-
quently, Mff may act as a scaffold for Drp1 self-assembly, which
stimulates GTPase activity.

Higher-order Self-assembly of Drpl R376E Prohibits Func-
tional Interactions with Mff—Given that Drpl-3 and AVD
GTPase activities were stimulated by Mff interactions in vitro,
we sought to characterize the putative Mff binding-defective
mutant, Drp1 R376E (40). This charge reversal was designed to
disrupt an interaction interface between Drp1 and Mff, and Mff
immunoprecipitation of Drpl from HEK293 cells in the pres-
ence of a crosslinker was inhibited (40). The recently solved
crystal structure of Drpl reveals that Arg-376 is situated in
close proximity to an assembly interface, interface 4, unique to
Drp1 (22). Thus, two alternative explanations for the observed
lack of interaction between Mff and the R376E mutant are pos-
sible. Namely, destabilization of this novel self-assembly inter-
face could alter the self-assembly properties of Drp1, which in
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turn affects Mff interactions. On the other hand, this mutation
could result in a direct perturbation of the Mff interaction
interface as originally interpreted. To distinguish between
these possibilities, the R376E mutation was introduced with-
in the Drp1-3 and AVD constructs (termed Drp1-3%*7°F and
AVDR37E, respectively) to examine whether this single residue
modification could alter Drpl interactions with Mff.

Following from the observation that the Mff-induced stimu-
lation of Drp1 activity was intimately linked to the oligomeric
state of Drpl, SEC-MALS was used to assess the R376E muta-
tion in the contexts of full-length Drp1-3 and AVD. When com-
pared with Drp1-3 (Fig. 4A, black trace) at equivalent concen-
tration, the Drp1-3%7°F mutant exhibited a propensity to form
higher-order multimers (Fig. 44, red trace). In agreement, pre-
vious studies assessing the assembly competence of Drp1%37¢F
found that this mutant was enriched in larger complexes (~700
kDa) and depleted in smaller complexes (~160 kDa) in cell
lysates (40). Therefore, this mutant provides an opportunity to
assess functional Mff interactions with larger Drpl multimers.

When compared with WT Drp1 (Drp1-3), the R376E mutant
exhibited an equivalent basal GTPase activity, and no stimula-
tion was observed when Mff was present in solution (Fig. 4C).
Unlike Drp1-3, the addition of Mff-tethered liposomes had no
stimulatory effect on the activity of the Drp1-3**7°* mutant
(Fig. 5, A and F, respectively). EM studies confirmed that
although Drp1-3%%7F is an assembly-competent mutant (i.e. it
readily polymerizes in the presence of GTP analogs), it was
unable to form large oligomers on Mff-decorated liposomes
(not shown). Thus, the prevalence of higher-order Drpl multi-
mers in solution impairs functional interaction with mem-
brane-anchored Mff.

Having established that Drp1AVD exists predominantly as a
dimer in solution that polymerizes in the presence of Mff, the
impact of the R376E mutation on cooperative AVD-Mff assem-
bly was assessed. Remarkably, the R376E mutant remained
exclusively dimeric in the absence of the VD (Fig. 4B, red trace).
In striking contrast to the prematurely multimerized Drpl-
3R376E the addition of Mff to AVD®*”F in solution enhanced
GTPase activity ~5-fold (2.8 min™"; Fig. 4D). EM analysis of
AVD®*7®E in the presence of Mff in solution shows an abun-
dance of filamentous oligomers (Fig. 4G) analogous to those
formed by AVD in the presence of Mff (Fig. 4E). This demon-
strates that the R376E mutation does not directly disrupt Drp1-
Mff interaction. However, the AVD®*”*-Mff assemblies in
solution were not as large or as ordered as those seen with AVD
and Mff, which agrees with the less prolific stimulation in activ-
ity (~5-fold for AVD®*7F yersus ~10-fold for AVD).

Functional assembly of AVD and AVD®*7°* with Mff teth-
ered to either SL or SL/CL was comparable. GTPase activity of
AVDFR376F was stimulated 20- and 16-fold using Mff-decorated

cac = 12.7 min™"' for
AVDR?CE with SL 4+ Mff and 13 min~' for AVDR37¢F with
SL/CL + Mff; Fig. 5, B and G). Moreover, the addition of
AVDFR?76F to Mff-tethered lipid templates led to formation of
filamentous complexes (Fig. 5E) that were similar to AVD olig-
omers under the same conditions (Fig. 5C). Collectively, these
results demonstrate that the R376E mutation does not directly
inhibit interactions between Drpl and Mff. Rather, the Drpl-
3R376F mutant augments the propensity of the full-length pro-
tein to multimerize in solution, and this equilibrium shift
toward higher-order multimers impairs Mff-induced self-as-
sembly on membranes. Removal of the VD reverts the prema-
turely multimeric full-length Drp1-3**7°* to predominantly
dimeric species, which rescues functional interactions with
Mff.

Mff Multimerization Enhances Drpl Assembly and GTPase
Activity—Having established that the multimeric state of Drp1
potentiates interactions with Mff, we sought to examine
whether sequence variation in Mff would affect Mff-induced
Drp1 assembly. We focused on two domains conserved among
all Mff splice variants: a pair of N-terminal repeats and a con-
served CC motif immediately preceding its TM segment (Fig.
6A). These domains are particularly interesting because each
domain distinctly impacts Mff function. The repeat domains
have been shown to be important for interaction with Drpl,
whereas the CC has been implicated in Mff multimerization
(30-32).

We first mutated the 4-amino acid core of each individual
repeat (VPER or VPEK) to alanines, and then found that either
mutation resulted in a great reduction of Mff solubility. Due to
this reduced solubility, these mutants were deemed unusable.
On the other hand, deletion of the CC domain yielded soluble
protein, so its role in Drp1-Mff interactions was explored.

SEC-MALS analysis revealed that MffATM (26 kDa) is pre-
dominantly a tetramer in solution (Fig. 6B, black trace). By
striking contrast, MffACC-TM (22 kDa) was exclusively mono-
meric (Fig. 6B, green trace), which clearly demonstrates the role
of the CC motif in Mff multimerization. Additionally, the
MIffACC-TM mutant was unable to stimulate AVD self-assem-
bly or GTPase activity in solution (Fig. 6, C and G, respectively).
Thus, the CC motif plays an important role in Mff tetrameriza-
tion, which coordinates stable AVD interactions to promote
assembly of filamentous polymers.

On the other hand, the tethering of MffACC-TM to a mem-
brane template improved its ability to stimulate AVD activity
(Fig. 6H). Consistent with this observation, AVD polymeriza-
tion was observed when it was added to liposomes decorated
with MffACC-TM (Fig. 6F). Moreover, membrane deformation
was observed leading to the formation of well ordered helical
oligomers of AVD on the template. Therefore, the high local

SL and SL/CL templates, respectively (k

FIGURE 3. The VD is not essential for mitochondrial targeting and subsequent fission in MEF cells. A, representative fluorescence micrographs of Drp1~/~
MEFs transfected with Myc-tagged Drp1-1, Drp1-3, or AVD. Confocal imaging analysis was carried out using anti-Myc (green) and anti-Tom20 (a marker of
mitochondria, red) antibodies. B, mitochondrial fragmentation within transfected cells was quantitated as the percentage of Myc-Drp1-expressing cells with
fragmented mitochondria relative to total Myc-expressing cells. C, Western blot analysis of Myc-Drp1 expression in Drp1 knock-out MEFs 24 h after transfection.
Actin was used as a loading control. D, Mff"" (top) and Mff ~/~ (bottom) MEFs were transfected with Myc-AVD. Confocal imaging analysis was carried out using
anti-Myc (green) and anti-Tom20 (red) antibodies. E, quantitation of mitochondrial fragmentation in Mff¥T (white) and Mff /~ (black) MEFs expressing Myc-
AVD. F, AVD/Tom20 co-localization in D was determined from confocal images by calculating the Pearson’s co-efficient. #, p > 0.05 and *, p > 0.0005 when

compared with Myc-vector transfected cells.
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FIGURE 5. Removal of the VD rescues the R376E defect in Mff-induced assembly. A, GTPase activity of Drp1-3, Drp1-3%3°3P, and Drp1-3R%37F (0.5 um final)
was determined in the presence of undecorated liposomes (white, SL: 150 um final) or Mff-decorated liposomes (black, SL/MffATM: 150 um/5 um final). B,
GTPase activity of AVD, AVD®3**3P and AVDR*’¢E (0.5 um final) was determined in the presence of undecorated liposomes (white, SL: 150 um final) or Mff-
decorated liposomes (black, SL/MffATM: 150 um/5 um final). C-E, negative stain EM of AVD (C), AVD®3%*P (D), or AVD®*7%E (E) (1 um each) incubated with
Mff-decorated liposomes (SL/MffATM: 150 um/5 um). Scale bar, 100 nm. F, GTPase activity of Drp1-3, Drp1-3%3°3P, and Drp1-3737¢F (0.5 umfinal) in the presence
of liposomes with limited CL (white, SL/CL: 150 um final) or the same liposomes decorated with Mff (black, SL/CL/MffATM: 150 um/5 uMm final). G, GTPase activity
of AVD, AVD®*%3P and AVD®*7¢E (0.5 um final) in the presence of liposomes with limited CL (white, SL/CL: 150 um final) or the same liposomes decorated with
Mff (black, SL/CL/MffATM: 150 um/5 um final). ¥, p < 0.0005.

concentration of MffACC-TM on the lipid scaffold enhanced
stable interactions with Drp1 to promote oligomerization. This
result shows that removal of the CC, and subsequent disruption
of the Mff tetramer, allowed the Drp1 oligomers to enforce lipid
curvature. Conversely, Mff tetramers, assembled via the CC
motif, provided a less flexible scaffold that interacted with Drp1
to nucleate filamentous assemblies on the lipid surface. Based
on this observation, we concluded that limited mobility of Mff

complexes resists Drpl-induced remodeling of the lipid
template.

Because removal of the CC motif from Mff allowed Drpl to
impose curvature on the SL/CL template, a more malleable
lipid template was examined with MffATM tethered. Previous
studies have shown that the addition of PE to liposomes results
in a more fluid lipid bilayer that Drpl can more readily deform
(23). Therefore, a third lipid mixture (SL/PE/CL) was generated

FIGURE 4. Mutations that alter the multimeric equilibrium of Drp1 interfere with Mff-induced self-assembly. A and B, SEC-MALS was used to assess the
multimeric distributions of WT and mutant proteins. WT Drp1 (Isoform 3, black trace) is compared with the G363D (blue) and R376E (red) mutants in A. AVD
(black trace) and the corresponding double mutants AVD®*%3® (blue) and AVD®37%E (red) are shown in B. Dotted lines indicate the predicted molecular masses
of Drp1 multimers. dRI, normalized differential refractive index. C, GTPase activity was measured for Drp1-3, Drp1-3°%P, and Drp1-3%*7F in solution in the
absence (white) and presence (black) of Mff. D, similarly, GTPase activity was measured for AVD, AVD®3%*C, and AVD®*”€ in solution in the absence (white) and
presence (black) of Mff. *, p < 0.0005. E-G, negative stain EM images of MffATM (5 um) incubated with AVD (), AVD*%3 (F), and AVD"*"%F (G). Scale bar, 100
nm. H, MffATM (10 um) was co-sedimented with Drp1-1, AVD, and AVD®3%*P (2 um each) using ultracentrifugation. The input (/) and the final washed pellet (P)
were separated by SDS-PAGE and stained with Instant Blue. /, MffATM (15 um) was incubated alone, or with AVD and AVD®*%3P (3 um each) in the presence or
absence of glutaraldehyde (GA) for 30 min. Samples were resolved by SDS-PAGE, and then stained with Instant Blue (left). Mff was detected using an anti-Hisg
antibodly (right). A high molecular mass band was observed in samples containing Mff crosslinked with AVD and AVD®*%*P (indicated by filled arrowheads). The
same complex is not observed in other samples (indicated by open arrowheads).
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FIGURE 6. Oligomerization of Mff cytosolic domains promotes Mff-induced Drp1 self-assembly. A, schematic representation of the Mff constructs used in
this study, including MffATM and MffACC-TM. The N-terminal repeat segments (orange), CC motif (blue), and C-terminal His, tag (yellow) are highlighted. B,
SEC-MALS was used to determine the multimeric state of MffATM (black) and MffACC-TM (green). Dotted lines indicate the predicted molecular masses of Mff
multimers. dRI, normalized differential refractive index. C-F, negative stain EM images of AVD in the presence of MffACC-TM in solution (C), in the presence of
undecorated liposomes containing PE (25%) and CL (10%) (SL/PE/CL) (D), in the presence of MffATM tethered to the same liposomes (SL/PE/CL/MffATM) (E), or
in the presence of MffACC-TM tethered to liposomes lacking PE (SL/CL) (F). Scale bars, 100 nm. G-H, GTPase activity of AVD was measured alone and in the
presence of MffATM or MffACC-TM in solution (G) or tethered to SL/CL (H). I, AVD activity was also measured in the absence (white) or presence (black) of
MffATM coupled to SL/CL and SL/PE/CL lipid templates as indicated. *, p < 0.0005.

containing 35 mol % PE. When AVD was added alone, no inter- ~ Discussion

action was observed with the SL/PE/CL template (Fig. 6D). Genetic and cellular studies have clearly demonstrated the
However, when the same template was decorated with jmportance of Mff in recruiting Drpl to the OMM (29, 30).
MIfATM, the addition of AVD led to the formation of well However, it remained unclear how Mff directly influences Drp1
ordered protein-lipid tubules (Fig. 6E). Interestingly, the Mff-  function and cellular localization. These studies reveal the
induced stimulation in GTPase activity was not enhanced by  inherent ability of Mff to stimulate Drpl self-assembly and
the helical polymerization of AVD. Rather, Mff decoration of =~ GTPase activity i vitro. Previously, this role remained unchar-
SL/CL or SL/PE/CL templates yielded comparable increases in  acterized because Drpl-Mff interactions are transient and
activity (Fig. 61) despite the apparent differences in structure  strongly influenced by the oligomeric tendencies of both pro-
(disconnected filaments versus a tightly packed helical lattice; teins. Factors that alter the assembly properties of either, or
Figs. 5C and 6F, respectively). Nevertheless, incorporation of  both, proteins have the potential to alter interactions within
PE enhanced the fluidity of the lipid template and allowed the  this mitochondrial fission complex.

Mff tetramer complex to recruit Drp1 polymers that deformed Initially, the role of the VD was examined based on its appar-
the membrane. This demonstrates the ability of Mff to nucleate  ent proximity to the membrane as well as its ability to interact
Drpl polymerization at sites of active membrane remodeling. ~ with CL (21, 23, 25). This proposed location would also place it
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(dimers and larger multimers, black arrows). Coincident interaction of the VD with CL in the membrane (red area of the bilayer) relieves its regulatory effect,
which stabilizes Drp1 dimer interactions with Mff to promote assembly of the fission machinery.

directly adjacent to receptor proteins on the OMM to promote
intermolecular interactions. Despite this proximity to partner
proteins at the surface of the membrane, our results show that
the VD indirectly regulates Drp1 interactions with partner pro-
teins by modulating its oligomeric propensity. Interestingly,
Mff selectively assembles dimeric Drpl, which represents a
subset of Drpl multimers observed in these studies. Because
the AVD mutant yields exclusively dimeric species, an
enhanced cooperative interaction with Mff was observed. Self-
assembly of the AVD dimers in the presence of Mff led to for-
mation of filaments with a diameter of ~24 nm. This parallels
the ~23-nm width of Drpl polymers observed in the crystal
lattice used to determine the atomic structure of Drpl (22).
This geometry suggests that the Drpl middle domain and GED
interfaces are responsible for the formation of these filamen-
tous structures.

Correspondingly, when Drp1 self-assembly is disrupted by
the G363D mutation, Mff-induced self-assembly and stimu-
lated activity is ablated. Thus, Mff guides productive Drpl
self-assembly, and augmentation of Drpl activity is not due
to Mff interactions alone. Instead, maximal stimulation of
AVD GTPase activity was achieved upon formation of
extended filamentous structures in the presence of Mff in
solution and at the membrane. Therefore, the fundamental
mechanism of Drp1 activation by Mff is independent of lipid
interactions, and is instead a direct result of intermolecular
contacts that are enhanced with the AVD mutant. This indi-
cates that MIff coordinates Drpl self-assembly, which
enhances its activity.

Unlike AVD, WT Drpl interactions with Mff are regulated
by the diversity of multimers formed in solution. Drp1 inter-
changes among dimers and higher-order multimers at physio-
logic salt concentrations (23), and we propose that larger olig-
omers are unable to form functional interactions with Mff.
While this manuscript was in revision, another study implied
that Mff selectively recruits oligomeric Drp1 (35); however, our
results are clearly incongruent with this finding. In point of fact,
the R376E mutation within Drp1 alters its assembly properties
and favors higher-order multimers in solution that impede
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functional interactions with Mff. Interestingly, this change is
dependent on the VD as deletion of this region rescues the
dimeric tendencies of the R376E mutant, and functional inter-
actions with Mff are restored. Therefore, this residue directly
influences the conformational sampling of the VD and its abil-
ity to regulate Drp1 oligomerization.

Correspondingly, VD interactions with the membrane can
influence cooperative Drp1-Mff interactions. We determined
that when full-length Drp1-3 was incubated with Mff tethered-
liposomes containing limited amounts of CL, the stimulation in
activity was greater than when Mff was coupled to liposomes
lacking CL. Moreover, this effect was abolished when the VD
was removed. Thus, interactions between the VD and the mem-
brane have the potential to stabilize Drpl dimers and promote
cooperative interactions with Mff. In fact, the accompanying
article (42) clearly shows that Mff stimulation of Drp1 activity is
synergistic with CL stimulation. These results are congruent
with previous reports of VD interactions with CL that promote
Drpl recruitment to lipid bilayers (21, 23-25). Given that CL
has been shown to stabilize dimeric Drp1 at the lipid surface to
promote Drpl self-assembly (23), we propose that CL interac-
tions at the membrane directly promote Drpl dimer interac-
tions with Mff (Fig. 7).

Interestingly, the same stimulation was not seen when
Drpl-1 was added to Mff-decorated liposomes. Therefore, the
presence of the 37-amino acid B-insert within the VD can fur-
ther regulate Drpl interactions with Mff as shown in the
accompanying article (42). Given that as many as eight isoforms
of Drpl (34, 41) and at least nine splice variants of Mff have
been identified (30), the potential complexity of interactions
that are regulated by sequence changes is vast. Regardless, these
results demonstrate how natural sequence modifications alter
interactions between Drpl and one of its receptors. Native
sequence changes in this region due to alternative splicing and
post-translational modifications have the potential to “tune”
Drpl interactions with partner proteins by altering its assembly
properties.

In line with previous studies (22, 40), we also confirmed that
disruption of the variable domain sequence altered the effi-
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ciency of mitochondrial fission in cells. Although we clearly
demonstrate that AVD is hypomorphic when compared with
WT when expressed in cells lacking Drpl, significant mito-
chondrial fission activity is retained. We also show that AVD is
recruited to mitochondria in a predominantly Mff-dependent
manner. Previous studies have differed in their assessments of
AVD function, as removal of this region has been proposed to
both enhance and impair mitochondrial fission. This discrep-
ancy may be due to the design of the VD deletion constructs, the
level of overexpression, and the cell lines used in these studies.
We find clear mitochondrial localization in our analyses, which
indicates that the hypomorphic phenotype is likely due to post-
recruitment activity. This agrees with recent experiments
showing that AVD can tubulate liposomes in vitro, but GTP-
induced constriction of these membranes is diminished when
compared with WT Drpl (14). Consequently, AVD-induced
constriction may result in infrequent membrane scission, con-
sistent with the observed decrease in mitochondrial fragmen-
tation. Taken together with our biochemical observations,
these results reveal that the fundamental role of Mff is to pro-
vide a scaffold for Drpl self-assembly, and molecular altera-
tions that change the assembly properties of Drpl or Mff can
regulate this interaction.

The present lack of structural information for Mff makes it
hard to predict where direct interaction sites would reside, and
structural prediction software suggests that the cytosolic por-
tion of Mffis largely disordered. One exception is the CC motif,
which is predicted to form a helical segment adjacent to the
C-terminal TM region, which promotes Mff self-assembly.
Consistent with this prediction, Mff was found to exist as a
stable tetramer in solution, which enhances the ability of Mff to
coordinate Drpl interactions as evidenced by the formation of
Drpl filaments in solution and proximal to membrane tem-
plates. Removal of the CC resulted in Mff monomers that could
not stabilize Drp1 interactions in solution. Still, the use of a lipid
template enhanced the local concentration of MffACC-TM
and provided an adequate scaffold for Drpl recruitment
and self-assembly. Moreover, membrane tubulation was
observed, which suggests that flexibility within the scaffold
and/or lipid template determines the extent to which Drpl
can impart curvature on the membrane. Accordingly, incor-
poration of PE to the more rigid SL/CL template enhanced
membrane fluidity and/or lateral movement of the MIff
tetramer such that Drp1 oligomerization was able to deform
the membrane and generate tubular structures. Based on
these results, Mff provides a platform for the nucleation of
Drpl oligomers that subsequently impose curvature on the
underlying membrane.

Overall, we propose a model wherein Drp1 dimers selectively
interact with cytosolic segments of Mff tetramers (Fig. 7) to
constitute functional copolymers, and mutations or factors that
alter the oligomeric state of Drpl affect the efficiency of its
recruitment to the OMM. In addition, membrane interactions
have the potential to stabilize Drp1-Mff complexes localized at
mitochondrial constriction sites. Moving forward, the versatile
tools employed in this study provide a means to explore how
Drpl interactions with different adaptor proteins on the OMM
regulate its structure and activity.
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