Mff oligomerization is required for Drp1
activation and synergy with actin filaments
during mitochondrial division
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ABSTRACT Mitochondrial division is an important cellular process in both normal and patho-
logical conditions. The dynamin GTPase Drp1 is a central mitochondrial division protein, driv-
ing constriction of the outer mitochondrial membrane (OMM). In mammals, the OMM protein
mitochondrial fission factor (Mff) is a key receptor for recruiting Drp1 from the cytosol to the
mitochondrion. Actin filaments are also important in Drp1 recruitment and activation. The
manner in which Mff and actin work together in Drp1 activation is unknown. Here we show
that Mff is an oligomer (most likely a trimer) that dynamically associates and disassociates
through its C-terminal coiled coil, with a Ky in the range of 10 pyM. Dynamic Mff oligomeriza-
tion is required for Drp1 activation. While not binding Mff directly, actin filaments enhance
Mff-mediated Drp1 activation by lowering the effective Mff concentration 10-fold. Total in-
ternal reflection microscopy assays using purified proteins show that Mff interacts with Drp1
on actin filaments in a manner dependent on Mff oligomerization. In U20S cells, oligomeriza-
tion-defective Mff does not effectively rescue three defects in Mff knockout cells: mitochon-
drial division, mitochondrial Drp1 recruitment, and peroxisome division. The ability of Mff to
assemble into puncta on mitochondria depends on its oligomerization, as well as on actin

Monitoring Editor
Laurent Blanchoin
CEA Grenoble

Received: May 3, 2021
Revised: Jul 14, 2021
Accepted: Jul 27, 2021

filaments and Drp1.

INTRODUCTION

Mitochondrial division is important for mitochondrial stress re-
sponse, correct mitochondrial distribution in polarized cells, and
mitochondrial partitioning during cell division (Friedman and
Nunnari, 2014; Mishra and Chan, 2014; Kraus and Ryan, 2017;
Eisner et al., 2018; Ramachandran, 2018). Defects in mitochondrial
division lead to a number of diseases, particularly in the nervous
system (Nunnari and Suomalainen, 2012; Galloway and Yoon, 2013;
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Serasinghe and Chipuk, 2017). A key player in mitochondrial divi-
sion is the dynamin family GTPase Drp1, which is recruited from the
cytosol to the outer mitochondrial membrane (OMM), where it
oligomerizes and hydrolyzes GTP to constrict the OMM en route to
division (Bui and Shaw, 2013). Whole-body deletion of Drp1 is lethal
in mice (Ishihara et al., 2009), with tissue-specific deletions causing
major defects (Wakabayashi et al., 2009). Mutations in Drp1 are
linked with severe neurological and other conditions in humans (Wa-
terham et al., 2007; Fahrner et al., 2016; Longo et al., 2020).
Mitochondrial recruitment of Drp1 relies on Drp1 “receptor”
proteins on the OMM (Hoppins et al., 2007; Kraus and Ryan, 2017).
Budding yeast uses the OMM protein FisTp, which binds the di-
meric cytosolic protein Mdv1p to recruit Drp1 (Lackner et al., 2009;
Koirala et al., 2010; Zhang et al., 2012). Mammals do not use this
mechanism, but have several OMM proteins that can act as Drp1
receptors. One such receptor is the tail-anchored protein Mff (mito-
chondrial fission factor). Knockdown or knockout (KO) of Mff results
in a dramatic decrease in mitochondrial division in multiple cell
types and an almost complete absence of punctate Drp1 accumula-
tion on mitochondria, indicative of Drp1 oligomerization (Gandre-
Babbe and van der Bliek, 2008; Otera et al., 2010; Losén et al.,
2013; Osellame et al., 2016; Ji et al., 2017). Patients with Mff
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deficiency display developmental and neurological abnormalities
(Koch et al., 2016; Nasca et al., 2018). Two other proteins, MiD49
and MiD51 (also called MIEF2 and MIEF1, respectively), can also act
as Drp1 receptors (Palmer et al., 2011; Zhao et al., 2011; Losén
etal., 2014; Kalia et al., 2018). However, the effects of Mff depletion
on mitochondrial division are generally greater (Otera et al., 2010;
Losén et al., 2013). In addition, Mff is the sole receptor required for
Drp1-mediated peroxisomal division, suggesting its central impor-
tance in Drp1 recruitment (Gandre-Babbe and van der Bliek, 2008;
Jietal, 2017).

The mechanisms by which Mff activates Drp1, however, are un-
clear. In biochemical assays, multiple studies have shown that the
cytoplasmic region of Mff alone either stimulates Drp1 weakly or not
at all (Otera and Mihara, 2011; Koirala et al., 2013; Ji et al., 2015;
Clinton et al., 2016). Two studies show that Mff is insufficient to bind
and activate Drp1 unless an inhibitory region of Drp1, the variable
domain (VD), is removed (Liu and Chan, 2015; Clinton et al., 2016).
How the inhibitory effects of the VD are overcome in vivo is un-
known. In cells, Drp1 does not coimmunoprecipitate with Mff unless
chemical cross-linking is employed prior to lysis, suggesting that the
interaction is relatively low affinity (Gandre-Babbe and van der Bliek,
2008; Otera et al., 2010; Strack and Cribbs, 2012; Clinton et al.,
2016).

Another area of uncertainty is Mff's oligomeric state. While sev-
eral studies show that Mff oligomerizes through its coiled-coil (CC)
region, the nature of this oligomer is unclear, with one report sug-
gesting a tetramer and another report suggesting a dimer (Koirala
et al., 2013; Clinton et al., 2016). In addition, a cellular study shows
evidence that mutation of the CC region has minimal effect on Mff's
cellular function (Otera et al., 2010).

These results suggest that other factors must be present to assist
Mff, and there has been evidence for multiple such factors. Phos-
phorylation of both Drp1 and Mff modulate mitochondrial division,
with Drp1 subjected to both activating and inhibitory phosphoryla-
tion while Mff phosphorylation is activating (Chang and Blackstone,
2007; Cribbs and Strack, 2007; Toyama et al., 2016). Drp1 is subject
to a number of other post-translational modifications that modulate
mitochondrial division (Harder et al., 2004; Nakamura et al., 2006;
Braschi et al., 2009; Cho et al., 2009; Gawlowski et al., 2012). Phos-
pholipids also influence Drp1 activity, with phosphatidic acid being
inhibitory and cardiolipin activating (Bustillo-Zabalbeitia et al., 2014;
Macdonald et al., 2014; Adachi et al., 2016). Finally, interaction be-
tween mitochondria and endoplasmic reticulum (ER) stimulates mi-
tochondrial Drp1 recruitment (Friedman et al., 2011; Ji et al., 2017).

We have shown that the mechanism for ER-mediated stimulation
may be through actin polymerization, through the ER-bound formin
INF2-CAAX (Korobova et al., 2013). Inhibition of INF2, or of actin
polymerization in general, inhibits Drp1 puncta assembly in cells
(Korobova et al., 2013; Ji et al., 2015). INF2 activation increases mi-
tochondrial Drp1 puncta accumulation (Ji et al., 2015), and this ef-
fect requires Mff (Ji et al., 2017). Drp1 binds directly to actin fila-
ments, and actin binding increases Drp1 GTPase activity sixfold (Ji
et al., 2015; Hatch et al.,, 2016). These results suggest that INF2-
mediated actin polymerization on ER stimulates Drp1 oligomeriza-
tion, and that actin polymerization works with Mff in this process.
One possibility is that actin binding might enhance the relatively
weak interaction between Mff and full-length Drp1 to drive Drp1
oligomerization forward.

We show here that a key element of Mff's ability to activate Drp1
is its own oligomerization, which is of low affinity. Actin filaments
increase Mff-mediated Drp1 activation by reducing the Mff concen-
tration needed for activation. This effect of actin requires Mff oligo-
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merization. Mff oligomerization is needed in cells for Drp1 recruit-
ment and mitochondrial division. These results provide a mechanistic
explanation for actin’s role in Drp1 activation.

RESULTS

Mff stimulates Drp1 activity and oligomerization in a
concentration-dependent manner

Previous studies have shown that the cytosolic region of Mff has
modest effects on Drp1 GTPase activity (Otera and Mihara, 2011;
Koirala et al., 2013; Ji et al., 2015; Clinton et al., 2016). We re-exam-
ined these properties using the cytoplasmic region of human Mff
isoform 4 (also called 0000) as a C-terminally 6His-tagged construct
expressed in Escherichia coli and purified the protein to apparent
homogeneity (Mff-ATM) (Figure 1, A and B). We then tested the ef-
fect of Mff-ATM on Drp1 GTPase activity using full-length Drp1 000
(containing none of the alternative splice inserts) expressed and pu-
rified as previously described (Hatch et al., 2016).

At 100 uM, Mff-ATM stimulates Drp1 GTPase activity 10-fold
(Figure 1C) from a baseline of 1.55 £ 0.05 pM/min/uM to 15.53 +
1.04 pM/min/uM. We then assessed the concentration dependence
of this stimulation. Mff-ATM stimulates Drp1 GTPase activity poorly
at low concentrations similar to those tested previously and has an
ECsg of 19.7 uM (Figure 1D).

We also examined the ability of Mff-ATM to mediate Drp1 oligo-
merization, as assessed by high-speed pelleting assay. In the pres-
ence of T mM GTP, only a small fraction of Drp1 pellets at 1.3 pM.
Increasing concentrations of Mff-ATM result in increasing amounts
of both Drp1 and Mff in the pellet, with Mff concentrations >10 pM
necessary for observable effects (Figure 1, E and F).

These results show that Mff engages in low-avidity interaction
with Drp1, resulting in activation of its GTPase activity and oligomer-
ization. The low binding and activation of Drp1 observed in previous
assays is likely due to the low concentrations of both proteins used
in these assays.

Mff undergoes reversible oligomerization, dependent on
the CC region

We next asked why such a high concentration of Mff-ATM is needed
to stimulate Drp1 activity. One possibility is that Mff oligomerization
is necessary for Drp1 binding, and that this oligomerization is of
relatively low affinity. Mff has been reported to be an oligomer
(Koirala et al., 2013; Clinton et al., 2016) through a CC region at the
C-terminus of the cytoplasmic segment. However, the nature of the
oligomer is unclear, being reported as a dimer in one study (Koirala
etal., 2013) and a tetramer in another study (Clinton et al., 2016). To
resolve this discrepancy, we analyzed the CC in detail.

The CC region consists of three heptads (21 residues) N-terminal
to the transmembrane (TM) domain (Figure 1A). The amino acid
sequence conservation of the CC is impressive, with 100% sequence
identity over a broad range of vertebrates (Supplemental Figure
S1A), suggesting functional relevance. Analysis by LOGICOIL
(Vincent et al., 2013) predicts that the CC is likely trimeric, followed
by parallel dimeric, anti-parallel dimeric, and tetrameric in order of
likelihood (Supplemental Figure S1B).

We produced two constructs postulated to disrupt Mff oligomer-
ization (Figure 1A): 1) a construct lacking the CC and helical region
(Mff-ACC) and 2) a construct in which we mutated the d positions of
two of the three predicted heptad repeats in the CC (Mff-L2P, Sup-
plemental Figure S1C) (Chang et al., 1999). We then compared the
hydrodynamic properties of these constructs with those of Mff-ATM.
By velocity analytical ultracentrifugation (VAUC), 100 uM of Mff-ATM
has a sedimentation coefficient of 2.7 (Figure 2A), with a resulting
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of GFP (GFP-CC), as well as the L2P mutant
of this construct (GFP-L2P, Figure 3A). By
vAUC, GFP-CC at 250 pM sediments pri-
marily as a 4.9 S particle, corresponding to a
mass of 100.3 kDa (Figure 3B; Supplemental
Figure S2B; Supplemental Table S1),
whereas the calculated monomer mass is
34.8 kDa. In contrast, GFP-L2P sediments at
2.7 S, corresponding to a mass of 29.3 kDa
(Figure 3B; Supplemental Figure S2B; Sup-
plemental Table S1). By SEC, a dilution se-
ries of GFP-CC results in steadily decreasing
Stokes radii, with a half-maximal concentra-
tion of 15 pM, while GFP-L2P displays simi-
lar Stokes radii at low and high concentra-
tions (Figure 3, C-E). GFP-CC itself has no
ability to stimulate Drp1 GTPase activity
(Supplemental Figure S2C) or to cause the
pelleting of Drp1 (Supplemental Figure
S2D), showing that the Mff-CC alone is not
capable of Drp1 activation.

These results suggest that the cytoplas-
mic portion of Mff is oligomeric, and that its
oligomerization is in dynamic equilibrium in
the range of 5-15 uM in solution. The oligo-
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FIGURE 1: Mff stimulates Drp1 activity and oligomerization in a concentration-dependent

manner. (A) Bar diagrams of Mff constructs based on the isoform with no optional splice inserts
(isoform 4, UniProt ID Q9GZY8-4). The éxHis tag is the purple ball. (B) Coomassie-stained
SDS-PAGE of Mff constructs (2 pg loaded). (C) GTPase assay for Drp1 (0.75 uM) in the absence
and presence of 100 uM Mff-ATM; data are from five independent experiments. GTPase
activities: 1.55 £ 0.05 and 15.53 + 1.04 pM GTP hydrolyzed/min/uM Drp1 without and with Mff,
respectively. (D) GTPase activity for Drp1 (0.75 uM) as a function of Mff concentration added.
(E) High-speed pelleting assay of Drp1 (1.3 pM) in the presence GTP (1 mM) and of varying Mff
concentrations. Drp1 and Mff regions from the same SDS-PAGE gel are presented. Standards
equivalent to the indicated concentrations of Drp1 or Mff in the assay are on the left of the gels.
Pellet fractions are shown to the right. (F) Quantification of pelleting assay results from panel E.

calculated mass of 65.6 kDa (Supplemental Figure S2A). In contrast,
Mff-ACC and Mff-L2P sediment at 1.2 and 1.4 S, respectively (Figure
2A), with calculated masses of 21.8 and 25.5 kDa respectively (Sup-
plemental Figure S2A; Supplemental Table S1). The formula-calcu-
lated masses of these constructs are 23.6, 19.7, and 23.5 kDa, re-
spectively. Conducting vVAUC at a higher Mff-ATM concentration
(250 pM) produces similar results (3.0 S, 60.2 kDa, Figure 2A; Sup-
plemental Figure S2A; Supplemental Table S1). These results sug-
gest that Mff-ATM is a trimer, whereas Mff-ACC and Mff-L2P are
monomers.

We examined the concentration dependence of Mff-ATM oligo-
merization using size exclusion chromatography (SEC). At 100 and
600 pM, Mff-ATM elutes in an early fraction, but lower concentra-
tions elute progressively later (Figure 2B). Plotting the calculated
Stokes radii versus concentration results in an apparent half-maximal
concentration for the change in Stokes radius of 4.8 uM (Figure 2C).
In contrast, 100 uM of both Mff-ACC and Mff-L2P elute considerably
later than Mff-ATM (Figure 2D) and do not vary as a function of con-
centration (Figure 2C).

To determine whether the CC region is sufficient for oligomeriza-
tion, we examined a fusion protein of the Mff CC on the C-terminus
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Mff oligomerization is necessary for
productive Drp1 interaction

We next tested the effect of Mff oligomer-
ization on its ability to influence Drp1, using
Mff-ACC or Mff-L2P as nonoligomeric con-
structs. In GTPase assays, neither Mff-ACC
nor Mff-L2P increases Drp1 GTPase activity
at any concentration tested, in contrast to
the effect of Mff-ATM (Figure 1D). In Drp1
pelleting assays, these monomeric mutants
do not cause an increase in Drp1 pelleting
in the presence of GTP (Figure 1, E and F).

We also used total internal reflection fluorescence (TIRF) micros-
copy to assess the binding of Mff to Drp1 oligomers. In the pres-
ence of the nonhydrolyzable GTP analogue GMPPCP, Cy5-labeled
Drp1 appears as heterogeneous punctae (Figure 4A), representing
oligomeric rings (Koirala et al., 2013). Introduction of fluorescein-la-
beled Mff-ATM causes fluorescein accumulation on Drp1 puncta
(Figure 4, A and B). Significant fluorescein label remains on the
puncta after washout, suggesting stable binding between Mff-ATM
and Drp1. In contrast, Mff-L2P displays fivefold less binding than
Mff-ATM and is removed after wash (Figure 4, A and B).

These results suggest that Mff oligomerization is required for
productive Drp1/Mff interaction, stimulating Drp1 GTP hydrolysis.
The fact that oligomerization-competent Mff persists on Drp1 oligo-
mers after washout of free Mff suggests that Drp1 binding stabilizes
the Mff oligomerization interaction.

Actin filaments synergize with oligomeric Mff to stimulate
Drp1 activity

We have previously shown that actin filaments stimulate Drp1
GTPase activity in a biphasic manner, with maximal stimulation

Mff-actin synergy | 3
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FIGURE 2: Mff undergoes reversible oligomerization, dependent on
the CC region. (A) vAUC of Mff-ATM at 100 pM (orange) or 250 uM
(pink), and Mff-ACC (gray) or Mff-L2P (purple) at 100 uM. The y-axis
normalized to the peak c(S) for each sample; the maximum value of
each curve is normalized as 100%, as for panels B-D. Peak
sedimentation coefficients are listed on the graph. (B) SEC profiles for
multiple concentrations of Mff-ATM detected at 280 nm. The sample
at 0.5 uM has low absorbance and thus gives a noisy trace. (C) Graph
of calculated Stokes radius (from SEC results) versus Mff
concentration for Mff-ATM, Mff-ACC, and Mff-L2P. (D) SEC for
Mff-ACC and Mff-L2P at 100 pM.

occurring at 0.5 pM actin and then descending back to the level of
Drp1 alone at higher actin concentrations (Hatch et al., 2016). Here
we examined the combined effects of Mff-ATM and actin on Drp/1
GTPase activity. Either actin or Mff-ATM alone stimulate Drp1, but a
high concentration of Mff-ATM is required for stimulation, with an
ECsg of 17.4 uM (Figure 5A). However, the addition of 0.5 uM actin
filaments greatly increases the potency of Mff's effect on Drp1 by
shifting the ECsq of Mff-ATM to 2.2 uM (Figure 5A). Mff-ATM does
not affect the maximal effective concentration of actin (Figure 5B).
The maximum combined effect of Mff-ATM and actin is approxi-
mately 16 pM GTP hydrolyzed/min/uM Drp1. In contrast to its effect
on Mff-ATM, actin has no effect on the ability of Mff-L2P to activate
Drp1, which is not able to enhance actin-induced Drp1 GTPase ac-
tivity at any concentration tested (Figure 5A). Finally, the ability of
Mff-ATM and actin to stimulate Drp1 GTPase activity depends on
Drp1’s ability to oligomerize, since an oligomerization-defective
mutant (Drp1 401-404 AAAA) (Frohlich et al., 2013; Hatch et al.,
2016) is not activated by the Mff/actin combination (Supplemental
Figure S3A).

The ability of actin to enhance the efficiency of the Drp1 GTPase
activity stimulation by Mff-ATM is not due to a direct affinity of Mff-
ATM for actin filaments. In high-speed pelleting assays, Mff-ATM
does not sediment appreciably with actin filaments (Supplemental
Figure S3, B and C). In TIRF assays, fluorescein-Mff-ATM does not
accumulate on actin filaments at any concentration tested (Figure
5C). In pyrene-actin polymerization assays, Mff-ATM does not influ-
ence the polymerization of actin alone or in the presence of the
formin protein INF2 (Figure 5D). These results suggest that actin
increases Mff’s ability to stimulate Drp1 activity through an effect on
the Mff/Drp1 interaction.

We next examined the effect of Mff-ATM on actin bundling by
Drp1. In a previous study, we showed that Drp1 is a weak bundler of
actin filaments, requiring at least 1 uM Drp1 for effective bundling
(Hatch et al., 2016). At 0.2 uM Drp1, no actin bundles are observed
(Figure 6A). Mff-ATM addition results in the appearance of actin

bundles, with increasing Mff resulting in in-

A B GFP-L2P GFP-CC creasing bundle thickness (Figure 6, A and

B) and increasing Drp1 intensity in these
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FIGURE 3: Oligomerization of Mff CC region. (A) Bar diagrams of two GFP-fusion constructs:
top, the CC region of Mff (GFP-CC) and bottom, the L2P mutant of the same construct
(GFP-L2P). (B) vAUC of GFP-CC and GFP-L2P at 250 pM. Peak sedimentation coefficients are
noted on the graph. (C) SEC profiles of GFP-CC at multiple concentrations detected at 490 nm.
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at each group, the maximum value of each
curve is normalized as 100%, the same for
panel D. (D) SEC profiles of GFP-L2P at three
concentrations. (E) Graph of calculated
Stokes radius (from SEC results) versus GFP
concentration for GFP-CC and GFP-L2P.
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(Figure 6, D and E). GTP significantly
increases Mff-ATM binding to the bundles
and maintains Mff-ATM on the bundles after
wash (Figure 6, D and E). In contrast, 1 uM
Mff-L2P displays no detectable binding to
Drp1/actin bundles in the absence of GTP
and low apparent binding to bundles in the
presence of GTP. Increasing the Mff-L2P
concentration causes detectable binding to
Drp1/actin bundles in the absence of GTP,
but Mff-L2P is removed by wash (Supple-
mental Figure S4). We also tested the pos-
sibility that Mff can directly bind to bundled
actin in general by using fascin-assembled
actin bundles. In contrast to Drp1-mediated
bundles, Mff-ATM displays no detectable
binding to fascin/actin bundles (Figure 6F).

These results show that Mff and actin
synergize in Drp1 activation in a manner de-
pendent on Mff oligomerization. Mff does
not interact with actin itself, but can interact
with actin-bound Drp1. The presence of
GTP strengthens this interaction.

Mff oligomerization is required for its
role in mitochondrial division

To test the importance of Mff oligomeriza-
tion in mitochondrial division, we expressed
either full-length Mff-WT or Mff-L2P as GFP-
fusions in Mff- KO U20S cells. Expression
levels of the GFP fusions were controlled by
varying the concentration of transfected
plasmid, to obtain expression levels close to
those of endogenous Mff, with 25 and 50 ng
being used in further experiments for GFP-
Mff-WT and GFP-Mff-L2P, respectively (Sup-
plemental Figure S5A).

We have previously reported that Mff-
KO U20S cells are strongly defective in mi-
tochondrial division (Ji et al., 2017), similar
to studies in other cell types (Otera et al.,
2010, 2016; Loson et al., 2013; Shen et al.,
2014; Osellame et al., 2016) This defect is
characterized by increased mean mitochon-
drial size, and a decreased number of indi-
vidual mitochondria (Figure 7, A-C). GFP-
Mff-WT expression in Mff-KO U20S cells
largely rescues the KO phenotype, with an
increase in mitochondrial number and a
decrease in mitochondrial size (Figure 7,
A-C). In contrast, expression of Mff-L2P at

chamber. Images of actin and Mff-ATM were
taken after 15 min of actin/Mff addition.
After another 1 min, the chamber was
washed with buffer while imaging. Bar, 20
pm. (D) Pyrene-actin polymerization assays of
actin alone or in the presence of 200 nM
INF2-FFC, a potent actin polymerization
factor (Chhabra and Higgs, 2006). Also
included was a varying concentration of
Mff-ATM.
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(Figure 7, D and E). Interestingly, while
Mf-WT clearly enriches on the majority of
peroxisomes, Mff-L2P does not appear to
display peroxisomal enrichment (Figure 7F).

We also examined the distribution of Mff
and Drp1 under these conditions. The two
Mff constructs display clear differences in
distribution, with GFP-Mff-WT displaying a
punctate pattern on mitochondria while Mff-
L2P is evenly distributed on mitochondria
(Figure 7A). In addition, some GFP-Mff-L2P
appears to be present in the cytosol, similar
to previous observations for an Mff con-
struct with deletion of the CC (Otera et al.,

Flow Mff  After wash
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FIGURE 6: Mff interacts with Drp1-bound actin filaments. (

comparable levels causes significantly reduced recovery of these
parameters (Figure 7, A-C).

We next examined the effect of Mff-WT and Mff-L2P on peroxi-
some size, since Mff is also required for peroxisome division
(Gandre-Babbe and van der Bliek, 2008; Ji et al., 2017; Passmore
et al., 2020). Mff-KO cells display elongated peroxisomes (Figure
7D), with mean peroxisomal area 8.4-fold larger than that of WT
cells (Figure 7E). Expression of Mff-WT partially rescues the peroxi-
some size defect, with 1.6-fold larger area than WT (Figure 7, D and
E). In contrast, Mff-L2P is much less effective at reducing peroxi-
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A) TIRF assay with 0.1 pM actin
filaments (TRITC-phalloidin labeled), 0.2 pM Cy5-labeled Drp1 and varying concentrations of
unlabeled Mff-ATM or Mff-L2P. No GTP was present. Bar, 30 pm. (B) Quantification of actin
filament number in individual bundles. (C) Quantification of Cy5-Drp1 intensity in actin bundles.
(D) TIRF assay of Mff interaction with Drp1-bundled actin filaments. Actin bundles were
preformed with 0.1 uM actin (unlabeled, phalloidin-stabilized) and 2.5 pM Cy5-Drp1.
Fluorescein-labeled Mff (1 pM, either Mff-ATM or Mff-L2P) was introduced to the chamber while
imaging. After 1 min, the chamber was washed while imaging. Experiments + 1 mM GTP
throughout the whole process. Bar, 10 pm. (E) Quantification of fluorescein-Mff intensity on
Cy5-Drp1-bundled actin filaments by taking the Mff:Drp1 ratio. (F) Comparison of fluorescein-
Mff-ATM binding to Drp1-bundled or fascin-bundled actin filaments. Conducted in same manner

as in panel D, except actin filaments were labeled with TRITC-phalloidin only during the wash
step to minimize bleed-through into the fluorescein channel. Bars, 10 pm.

et al., 2017), similar to other studies (Otera
etal., 2010; Losédn et al., 2013). GFP-Mff-WT
expression in the Mff-KO U20S cells results
in recovery of larger Drp1 puncta (Supple-
mental Figure S6A), as quantified by puncta
area and mean intensity (Supplemental
Figure Sé, B and C). In contrast, GFP-Mff-
L2P induces ~30% smaller Drp1 puncta
(Supplemental Figure S6, A-C), suggesting
that Mff oligomerization increases cellular
Drp1 oligomerization.

We have previously shown that the punc-
tate pattern of Mff is dependent on Drp1,
similar to another study (Otera et al., 2016; Ji
et al., 2017). We find the same result here,
with Drp1 knockdown resulting in a uniform
distribution of GFP-Mff-WT on mitochondria
(Supplemental Figure S7A). We also tested
whether actin filaments are required for the
punctate pattern of GFP-Mff-WT. WT U20S
cells were treated with the actin monomer
sequestering drug latrunculin A (LatA) for 15
min, then stained with anti-Mff to detect the
endogenous protein. As observed previously (Korobova et al., 2013),
LatA treatment results in mitochondrial elongation (Supplemental
Figure S7B). LatA treatment also results in a change in mitochondrial
Mff staining pattern from punctate to more uniform (Supplemental
Figure S7B). We quantified this effect by measuring the percentage
of mitochondrial area covered by Mff, with an increase in coverage
denoting a less punctate Mff pattern. The Mff area increases twofold
in LatA-treated cells (Supplemental Figure S7C). These results sug-
gest that Drp1 and Mff reciprocally enhance each other’s oligomer-
ization in cells, and that actin filaments are important for this effect.
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Mff oligomerization is required for mitochondrial and peroxisomal division. (A) Mff-KO U20S cells were
transfected with either GFP-Mff-WT (25 ng plasmid) or GFP-Mff-L2P (50 ng) for 24 hr, then fixed and stained with
anti-Tom20 (red). GFP fluorescence is green. Controls are untransfected WT and Mff-KO U20S cells. Images at right are
merges or GFP signal sof boxed regions. (B and C) Quantification of mean mitochondrial number (B) and size (C) for the
indicated conditions, from ROI like those in panel A. Cells analyzed: 147, 148, 142, and 147 for U20S WT, Mff-KO U20S,
and transfected GFP-Mff-WT or GFP-Mff-L2P, respectively. *p < 0.005. ***p < 0.001. ****p < 0.0001; n.s. = not
significant, p > 0.05. (D) Mff-KO U20S cells were transfected with either GFP-Mff-WT or GFP-Mff-L2P as in panel A, then
fixed and stained with anti-Tom20 (yellow) and anti-PMP70 (red, peroxisomes). GFP fluorescence is green. Images at
right are inverted PMP70 staining of boxed regions. (E) Quantification of mean peroxisome area for the indicated
conditions, from ROIs of PMP70 micrographs like those in panel D. Cells analyzed: 119, 126, 108, and 108 for U20S WT,
Mff-KO U20S, and the retransfected GFP-Mff-WT or GFP-Mff-L2P, respectively. Numbers represent mean values. *p <
0.005. ***p < 0.001. ****p < 0.0001. (F) Contrast-enhanced images of GFP-Mff distribution (either GFP-Mff-WT or
GFP-Mff-L2P) from panel D. Scale bar, 10 ym (3 pm in insets) in panels A and D; 5 pm in panel F.

DISCUSSION

We show here that oligomerization of Mff plays an important role in
its ability to recruit and activate Drp1. Without the capacity to oligo-
merize, Mff does not efficiently affect Drp1 oligomeric recruitment
or mitochondrial division in cells. Furthermore, Mff and actin fila-
ments act synergistically in Drp1 activation, and this synergy also
depends on Mff oligomerization. Actin filaments lower the concen-
tration of Mff needed to activate Drp1.

Our results suggest a fundamentally similar requirement for
Drp1 receptor oligomerization in mammalian and yeast mito-
chondrial division, although the Drp1 receptors are quite differ-
ent. In yeast, Fis1p is the relevant OMM receptor, but does not
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bind Drp1 directly. Instead, Fis1p recruits the cytoplasmic adap-
tor protein Mdv1 to the OMM, with Mdv1 in turn recruiting Drp1
(Lackner et al., 2009; Koirala et al., 2010; Zhang et al., 2012).
Mdv1 forms a dimer through a CC interaction, and this dimeriza-
tion is essential for both Drp1 recruitment and mitochondrial di-
vision (Lackner et al., 2009; Koirala et al., 2010; Zhang et al,,
2012). Yeast has a second protein, Caf4, with similar properties to
Mdv1 (Griffin et al., 2005; Guo et al., 2012). Although mammals
have a Fis1p homologue, they do not have a Caf4/Mdv1 homo-
logue, and it is becoming increasingly clear that FisTp has dis-
tinct functions from mitochondrial division (Otera et al., 2010; Yu
etal., 2019).

Mff-actin synergy | 7



We show that Mff oligomerization is important for three cellular
effects: Drp1 puncta assembly on mitochondria, mitochondrial divi-
sion, and peroxisomal division. In addition, oligomerization-defi-
cient Mff itself does not display a punctate appearance on mito-
chondria, unlike wild-type Mff. We suspect that these cellular Mff
puncta are structures that we have observed previously to colocalize
with Drp1 puncta (Ji et al., 2017). It is not clear whether they repre-
sent solely the CC-mediated oligomerization or a larger oligomer.
The fact that puncta of Mff-WT are reduced by either actin depoly-
merization or Drp1 KD suggests that the three entities (Mff, Drp1,
and actin filaments) are all required to promote oligomeric Drp1-
containing assemblies capable of driving mitochondrial division.

Previous results suggested that oligomerization was not required
for Mff's cellular function, because an Mff construct in which the CC
is deleted rescues the mitochondrial phenotype of Mff-depleted
cells nearly to the same degree as wild-type Mff (Otera et al., 2010).
We found similar effects when our nonoligomerizable Mff mutant
was expressed at levels much higher than endogenous Mff, but at
levels closer to that of endogenous Mff, the functional difference
between WT Mff and nonoligomerizable Mff is clear. High Mff ex-
pression levels likely can overcome defects in Mff oligomerization
through crowding on the OMM. This effect has been suggested by
biochemical results showing that monomeric Mff alone has no abil-
ity to stimulate Drp1, but can stimulate Drp1 when attached to lipo-
somes (Clinton et al., 2016; Osellame et al., 2016), although the
relative surface concentrations of monomeric and oligomerization-
competent Mff necessary for this effect were not assessed. It is also
possible that additional factors such as phosphorylation of Drp1 or
Mff (Chang and Blackstone, 2007; Cribbs and Strack, 2007), cardio-
lipin levels (Bustillo-Zabalbeitia et al., 2014; Macdonald et al., 2014),
or the presence of MiD proteins (Palmer et al., 2011; Zhao et al.,
2011) might allow some Drp1 recruitment by oligomerization-defec-
tive Mff.

It has been unclear as to whether the many factors that can acti-
vate Drp1 act together in the same pathway, or as independent
mechanisms for inducing mitochondrial division (Hatch et al., 2014).
Our results strongly suggest that Mff and actin filaments operate in
the same pathway. Previously, we have shown that increasing cyto-
solic calcium causes a fourfold increase in mitochondrial division
and an increase in mitochondrial Drp1 oligomerization, and that
these responses require actin polymerization through the formin
protein INF2 (Korobova et al., 2013; Ji et al., 2015) as well as Mff (Ji
etal., 2017). Drp1 binds directly to actin filaments, and this binding
increases Drp1 GTPase activity (Ji et al., 2015; Hatch et al., 2016).
How actin and Mff work together, however, has been unclear.

In this paper, we show a mechanism for this actin/Mff synergy.
Mff is a poor Drp1 activator unless Drp1’s VD is removed (Liu and
Chan, 2015; Clinton et al., 2016). The VD acts to inhibit aberrant
interaction between Drp1 dimers (Lu et al., 2018), and oligomeriza-
tion-deficient Drp1 mutants cannot be activated by Mff (Liu and
Chan, 2015; Clinton et al., 2016). We show here that high concentra-
tions of Mff alone can activate Drp1 even with the VD present. Actin
filaments synergize by lowering the effective concentration of Mff
for Drp1 activation. The inhibitory effects of the VD on Drp1 oligo-
merization might be overcome by Drp1 binding to actin filaments,
allowing preassembly of Drp1 oligomers which can bind Mff more
effectively. Another possibility, not mutually exclusive with the first,
is that Drp1 oligomer assembly on the actin filament enhances Mff
oligomerization by providing a multi-valent binding site that stabi-
lizes Mff oligomers, allowing Mff to exert its full stimulation of Drp1
at lower concentration. Others have shown that Drp1 must be oligo-
merization-competent for activation by Mff (Liu and Chan, 2015;
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Clinton et al., 2016), and we show similar results here for Drp1 acti-
vation by Mff and actin. In either case, it is clear that Mff's effect on
Drp1 is greater than that of actin, suggesting that Mff allows a more
productive Drp1 assembly for GTP hydrolysis.

The CC region, consisting of three heptad repeats, is required
for Mff oligomerization. Mutation of two of the three heptad repeats
is sufficient to disrupt this oligomerization. Given that Mff is a tail-
anchored protein on the OMM, with the CC only eight residues from
the transmembrane domain, it is highly likely that the oligomeriza-
tion is parallel.

From the ensemble of the techniques used here, we conclude
that Mff is most likely a trimer. Our rationale are: 1) that both the full
cytoplasmic region of Mff and the CC alone as a GFP fusion sedi-
ment as trimers by vVAUC, and 2) that prediction software gives the
highest probability for a trimer. Our results differ to published results
suggesting two different oligomeric states for Mff: a dimer (Koirala
et al., 2013; Lu et al., 2018) or a tetramer (Clinton et al., 2016). The
dimerization prediction made from an eAUC study (Koirala et al.,
2013) may have been influenced by the slow speeds used, which
did not provide sufficiently broad curves for high-confidence analy-
sis. A second prediction of dimerization (Lu et al., 2018) as well as a
prediction of tetramerization (Clinton et al., 2016) were based on
SEC-MALS measurements. These discrepancies are likely due to the
low affinity nature of Mff oligomerization, and the fact that most of
the Mff polypeptide is not predicted to adopt a stable fold (Liu and
Chan, 2015). Definitive determination of the oligomerization stoichi-
ometry for Mff awaits more detailed structural analysis.

Regardless of the stoichiometry, our data clearly show that Mff
oligomerization is relatively low affinity in solution, with dissociation
constants in the range of 10 uM. On membranes, oligomerization
would be significantly more favored by the reduction in dimension-
ality and generally confined membrane area of the OMM. Still, we
find that the oligomerization-deficient mutant has a low tendency to
display a punctate mitochondrial appearance when expressed at
concentrations similar to endogenous, suggesting that assembly of
these mitochondrial aggregates of Mff require oligomerization.

At present, it is not possible to determine if these puncta them-
selves represent the Mff oligomers determined biochemically, but
we believe that the puncta are considerably bigger than trimers of
Mff. Our model is that Mff oligomerization is a necessary step in the
assembly of higher-order structures consisting of Drp1 oligomers
and multiple Mff trimers. An additional required step is nucleation of
Drp1 oligomers, which we postulate occurs here through actin bind-
ing. We and others have shown that knockdown of Drp1 disrupts
Mff puncta (Otera et al., 2010, 2016; Ji et al., 2017), suggesting that
Drp1 oligomerization is necessary for Mff puncta. In addition, others
have shown that Mff binds preferentially to Drp1 oligomers, sug-
gesting that this actin-mediated nucleation is necessary to increase
the affinity of Mff for Drp1 (Liu and Chan, 2015). It is possible that
other Drp1 stimuli, such as cardiolipin and MiD49/51, serve the
same purpose as actin in different contexts.

Overall, our understanding of actin’s role in mitochondrial divi-
sion is evolving as we learn more about its functional interactions
with other division factors. Previously, we postulated that actin and
myosin |l mediated a “mitokinetic ring” to cause OMM preconstric-
tion prior to Drp1 action (Korobova et al., 2013; Hatch et al., 2014).
Subsequent studies from our lab and others revealed that this pre-
constriction is due to calcium-induced constriction of the inner mito-
chondrial membrane, and that actin/myosin Il are necessary for the
increase in mitochondrial calcium (Cho et al., 2017; Chakrabarti
etal., 2018; Lee et al., 2018). In parallel, however, actin plays a sec-
ond role in mitochondrial division: direct binding to Drp1, which
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initiates Drp1 assembly. Mff is then able to recruit these actin-nucle-
ated Drp1 oligomers to assemble the functional constrictive ring (Ji
etal., 2015, 2017; Hatch et al., 2016). This paper provides biochemi-
cal evidence for the model. We still do not know how myosin Il or
other proteins might enhance this process but, since myosin Il is
necessary for both the calcium effect (Chakrabarti et al., 2018) and
Drp1 recruitment (Korobova et al., 2014), we postulate that its ability
to organize/constrict the actin filaments assembled by INF2 create a
higher affinity interface for Drp1 nucleation.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plasmids

For bacterial expression, the full-length of human Drp1 isoform 3
(NP_055681.2, UniProt ID O00429-4) and truncated human Mff iso-
form 4 (UniProt ID Q9GZY8-4) (Mff-ATM) have been described pre-
viously (Hatch et al., 2016; Osellame et al., 2016). Mff-L2P double
mutant (L179P and L186P) was created in Mff-ATM construct by
Quick Change mutagenesis (Stratagene, Santa Clara, CA). For Mff-
ACC, hMff-isoform 4 lacking CC domain and TM segment was
cloned into a modified pET28a vector using Nco and XhoT sites.
Mff-ACC is followed by a C-terminal HRV3C protease site, an addi-
tional cystine, and a 6-His affinity tag; a cystine was inserted be-
tween the Mff-ACC and HRV3C sites for labeling purpose. For GFP-
CC, DNA coding for the CC domain of hMff-isoform 4 (amino acids
149-197) flanked by linkers (N-terminal SGGG, C-terminal GGGS)
was synthesized by Integrated DNA Technologies and inserted into
a modified GFP-fusion pGEX-KT vector as previously described
(Gurel et al., 2014). The GFP contains the A206K mutation, which
reduces the ability to dimerize (Zacharias et al., 2002). Quick Change
mutagenesis was performed to make GFP-L2P double mutant. For
cellular assays, full-length hMff-isoform 4 was inserted into GFP-C1
vector as previously described (Strack and Cribbs, 2012).

Protein expression, purification
Drp1 was expressed and purified as previously described with modi-
fications (Hatch et al., 2016). Briefly, Drp1 construct was expressed
in One Shot BL21 Star (DE3) E. coli (C6010-03; Life Technologies,
Carlsbad, CA) in LB broth, induced by isopropyl-B-p-thiogalactoside
(IPTG) at 16°C for 16 h when OD reached 1.5. Cell pellets were re-
suspended in lysis buffer (100 mM Tris-Cl, pH 8.0; 500 mM NaCl, 1
mM dithiothreitol [DTT], T mM EDTA, 2 pug/ml leupeptin, 10 pg/ml
aprotinin, 2 ug/ml pepstatin A, 2 mM benzamidine, 1 pg/ml calpain
inhibitor | [ALLN], and 1 pg/ml calpeptin) and lysed using a high-
pressure homogenizer (M-110L Microfluidizer Processor; Microfluid-
ics, Newton, MA). The lysate was cleared by centrifugation at 40,000
rpm (type 45 Ti rotor; Beckman, Brea, CA) for 1 h at 4°C. Avidin (20
pg/ml; PI-21128; Thermo Fisher Scientific, Waltham, MA) was added
to the supernatant and then was loaded onto Strep-Tactin Super-
flow resin (2-1206-025; IBA, Géttingen, Germany) by gravity flow.
The column was washed with 20 column volumes (CV) of lysis buffer
without protease inhibitors. To elute Drp1, 0.01 mg/ml HRV3C pro-
tease in lysis buffer without protease inhibitors was added for 16 h
at 4°C. The Strep-Tactin Superflow eluate was further purified by
SEC on Superdex200 (GE Biosciences, Piscataway, NJ) with Drp1-
S200 buffer (20 mM HEPES- KOH, pH 7.5; 150 mM KCI, 2 mM
MgCl,, 1 mM DTT, and 0.5 mM ethylene glycol tetraacetic acid
[EGTA)), spin concentrated, frozen in liquid nitrogen, and stored at
-80°C.

Mff-ATM and Mff-L2P were expressed in Rosetta 2 BL21-(DE3) E.
coli (71400; EMD Millipore Corporation, Burlington, MA) in LB broth,
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induced by 1 M IPTG at 30°C for 4 h when OD reached to 1.5. Cell
pellets were resuspended in lysis buffer (50 mM Tris-HCI, pH 7.5;
500 mM NaCl, 20 mM imidazole, pH 7.5; 1 mM DTT, 1 mM EDTA, 2
pg/ml leupeptin, 10 pug/ml aprotinin, 2 ug/ml pepstatin A, 2 mM
benzamidine, 1 pg/ml calpain inhibitor | [ALLN], and 1 pg/ml cal-
peptin) and lysed using M-110 microfluidizer processor. The lysate
was cleared by centrifugation at 40,000 rpm (type 45 Ti rotor; Beck-
man, Brea, CA) for 40 min at 4°C, the supernatant was saved. Affinity
capture was performed using FPLC and a HiTrap IMAC column (17-
5248-01, GE Healthcare, Chicago, IL). Prepacked HiTrap IMAC col-
umn was equilibrated with IMAC-A buffer (50 mM Tris-HCI, pH 7.5;
0.1 M NaCl, and 20 mM imidazole). Cleared lysate was loaded onto
the column with a rate of 3 ml/min and washed to baseline with
IMAC-A. Mff was eluted from the column with gradient-step washes
by IMAC-B buffer (50 mM Tris-HCI, pH 7.5; 0.1 M NaCl, 500 mM
imidazole): step1, 10% IMAC-B for 5 CV; step2, 20% IMAC-B for 5
CV; step3, 100% for 5 CV. Fractions from step3 were pooled and
diluted 10-fold in ion exchange (IEX)-A buffer (50 mM Tris-HCl, pH
7.5; 1 mM DTT). Diluted fractions were loaded onto a HiTrap Q an-
ion exchange column (54816, EMD Millipore Corporation, Burling-
ton, MA). The column was washed to baseline with IEX-A and Mff
was eluted by IEX-B buffer (50 mM Tris-HCI, pH 7.5; 1 M NaCl, and
1 mM DTT) with a step gradient: step1, 10% 5 CV, linear 10-50% 30
CV followed by linear 50-100% 5 CV. Peak Mff fractions were con-
centrated by reloading onto the HiTrap IMAC column and eluted
with 100% IMAC-B step wash. Mff fractions were pooled and further
purified by SEC on Superdex200 with S200 buffer (20 mM HEPES,
pH 7.4; 2 mM MgCly, 0.5 mM EGTA, 65 mM KCl, and 1 mM DTT)
and spin concentrated with a 30,000 MWCO centrifugal concentra-
tor (UFC903024, EMD Millipore Corporation, Burlington, MA), and
aliquots were frozen in liquid nitrogen and stored at —80°C.

Mff-ACC was expressed and cleared as described above. Mff-
ACC supernatant was loaded onto HisPur Ni-NTA resin (88221,
Thermo Fisher Scientific, Rockford, IL) by gravity flow. The column
was washed with 10 CV IMAC-A buffer and 30 CV ATP wash buffer
(200 mM Tris-HCI, pH 7.5; 50 mM KCI, 20 mM MgCl,, and 5 mM
ATP) followed by 10 CV IMAC-A buffer. To elute Mff-ACC, 0.16 mg/
ml HRV3C protease was added for 16 h at 4°C. The Ni-NTA eluate
was further purified by SEC on Superdex200 with S200 buffer and
spin concentrated (UFC901024, EMD Millipore Corporation, Burl-
ington, MA), and aliquots were frozen in liquid nitrogen and stored
at-80°C.

GFP-CC and GFP-L2P were expressed in Rosetta 2 BL21-(DE3) E.
coli in LB broth, induced by 1M IPTG at 16°C for 16 h when OD
reached to 1.0. Cell pellets were resuspended in lysis buffer and
cleared as described above; 1% Triton was added to clarified super-
natant and incubated for 30 min. The supernatant was loaded onto
a HiTrap IMAC column with a rate of 3 ml/min and washed to base-
line with IMAC-A. Mff was eluted from the column by gradient-step
washes with IMAC-B buffer (50 mM Tris-HCI, pH 7.5; 0.1 M NaCl,
and 500 mM imidazole): step1, 10% IMAC-B for 5 CV; step2, 20%
IMAC-B for 5 CV; step3, 100% for 5 CV. Fractions from step3 were
pooled and diluted fivefold in GST buffer (50 mM HEPES, pH 7.4;
500 mM NaCl, 1 mM EDTA, 1 mM DTT). Diluted fractions were
loaded onto Glutathione Sepharose 4B resin (17-0756-05, GE
Healthcare, Chicago, IL) by gravity flow followed by 5 CV phos-
phate-buffered saline (PBS) wash. To elute protein, 0.32 mg/ml TEV
protease was added to the column and incubated for 16 h at 4°C.
The eluate was further purified by SEC on Superdex200 with S200
buffer and spin concentrated (UFC?03024, EMD Millipore Corpora-
tion, Burlington, MA), and aliquots were frozen in liquid nitrogen
and stored at —80°C.
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Rabbit skeletal muscle actin was extracted from acetone powder
as previously described (Spudich and Watt, 1971) and further gel-
filtered on Superdex 75 16/60 columns (GE Healthcare). Actin was
stored in G buffer (2 mM Tris, pH 8.0; 0.5 mM DTT, 0.2 mM ATP, 0.1
mM CaCl,, and 0.01% NaN3) at 4°C.

Actin and Drp1 preparation for biochemical assays

For high-speed pelleting assay, actin filaments were polymerized
from 30 uM monomers for 3 h at 23°C by the addition of a 10x stock
of polymerization buffer (200 mM HEPES, pH 7.4; 650 mM KCl, 10
mM MgCly, 10 mM EGTA) to a final 1x concentration. For GTPase
assay, actin monomers in G-buffer were incubated with AG1-X2
100-200 mesh anion exchange resin (Dowex; 1401241, Bio-Rad) at
4°C for 5 min to remove ATP, followed by low-speed centrifugation;
20 pM actin filaments were polymerized as described before. To
maintain ionic strength across all samples, an actin blank was pre-
pared in parallel using G-buffer in place of actin monomers and
used to dilute actin filaments as needed for each sample. Drp1 was
diluted in MEHD buffer (20 mM HEPES, pH 7.4; 2 mM MgCl,, 0.5
mM EGTA, 1 mM DTT) to adjust the ionic strength to the same as
5200 buffer before biochemical assays.

Size exclusion chromatography assays

Mff-ATM, Mff-L2P, Mff-ACC, GFP-CC, and GFP-L2P oligomeric dis-
tribution was determined by Superdex200 increase 10/300 GL SEC
column in S200 buffer (20 mM HEPES, pH 7.4; 65 mM KCl, 2 mM
MgCl,, 0.5 mM EGTA, and 1 mM DTT). Protein at varying concen-
tration was loaded onto the column in a total volume of 500 ul and
gel-filtered with a flow rate of 0.7 ml/min.

High-speed pelleting assay

Interactions between Drp1 and Mff (Mff-ATM, Mff-ACC, Mff-L2P)
were tested in the S200 buffer plus 1 mM GTP; 1.3 pM Drp1 was
incubated with varying concentrations of Mff (0-50 pM) for 10 min at
4°C in a 200 pl volume. After incubation, samples were centrifuged
at 80,000 rpm for 20 min at 4°C in a TLA-100.1 rotor (Beckman). The
supernatant was carefully removed. Pellets were washed three times
with S200 buffer plus 1 mM GTP and then resuspended in 100 pl of
SDS-PAGE sample buffer and resolved by SDS-PAGE (LC6025; In-
vitrogen, Carlsbad, CA). To test the interaction between Mff and
actin, 5 M Mff-ATM was incubated with varying concentration of
actin filaments (0-20 pM) for 1 h at 23°C in a 200 pl volume. Samples
were centrifuged and the pellets were resolved by SDS-PAGE. Gels
were stained with Coomassie Brilliant Blue R-250 staining (1610400,
Bio-Rad, Hercules, CA), and band intensity was analyzed using Im-
ageJ software.

GTPase assay

Drp1 (0.75 uM) was mixed with the indicated concentration of Mff or
actin filaments. Sample were incubated at 37°C for 5 min. At this
point, GTP was added to a final concentration of 250 uM to start the
reaction at 37°C. Reactions were quenched at designated time
points by mixing 15 pl of sample with 5 pl of 125 mM EDTA in a
clear, flat-bottomed, 96-well plate (Greiner, Monroe, NC). Six time
points were acquired for all conditions, and high-speed reactions
were monitored in a 12 min time range, while low-speed reactions
were monitored in a 45 min time range. Released phosphate was
determined by the addition of 150 pl of malachite green solution as
previously described (Hatch et al., 2016) Absorbance at 650 nm was
measured 15 min after malachite green solution incubation. GTP
hydrolysis rates were determined by plotting phosphate concentra-
tion as a function of time.
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Pyrene actin polymerization assay

Pyrene actin polymerization assay has been described previously
(Gurel et al., 2015). Briefly, rabbit skeletal muscle actin (2 uM actin,
10% pyrene) was polymerized with varying concentrations of Mff-
ATM in polymerization buffer (50 mM KCI, 1 mM MgCly, 1 mM
EGTA, 10 mM HEPES, pH 7.4; 1 mM DTT, 2 mM Tris-HCI, 0.2 mM
ATP, 2 mM Tris-HCI, 0.2 mM ATP, 0.1 mM CaCl,, and 0.01% wt/vol
NaNj3). Rabbit muscle actin and 200 nM INF2-FFC with varying con-
centrations of Mff-ATM were used to test the effects of Mff on for-
min-induced actin polymerization (Chhabra and Higgs, 2006). Py-
rene fluorescence (365/410 nm) was monitored in a 96-well
fluorescence plate reader (Infinite M1000; Tecan, Mannedorf, Swit-
zerland) after 1 min of inducing polymerization.

Protein labeling

Mff-ATM and Mff-L2P N-term were labeled with fivefold molar ex-
cess of 5/6-carboxyfluorescein succinimidyl ester (46410, Thermo
Scientific) in 20 mM HEPES, pH 7.4, at 4°C; 2 mM MgCl,, 0.5 mM
EGTA at 4°C for 1 h. Reactions were quenched by 100-fold molar
excess of Tris-HCl, pH 7.4, at 4°C. Drp1 N-term was labeled with
3.3-fold molar excess of Cy5 succinimidyl ester (1076-1, Click Chem-
istry Tools, Scottsdale, AZ) in 100 mM MES, pH 6.1, at 4°C, 2 mM
MgCl, 0.5 mM EGTA for 10 min. Reactions were quenched by Tris-
HCI as described above. Free dye was removed by gel filtration us-
ing Superdex200 increase 10/30 (GE Biosciences) in S200 buffer.
For ATM and L2P, final protein concentration was determined by
Bradford (Bio-Rad) and fluorescein concentration using extinction
coefficient 72,000 M cm™ at 494 nm. Calculated ratio of
fluorescein-Mff-ATM is 0.49 and fluorescein-Mff-L2P is 0.44. For
Drp1, Cy5 concentration was determined by extinction coefficient
255,000 M~" cm'. Calculated ratio of Cy5-Drp1 is 0.75. Actin fila-
ments (4 uM) were assembled from monomers for 3 h as described
and then stabilized with either tetramethylrhodamine (TRITC)-phal-
loidin (4 uM P1951; Sigma-Aldrich) or unlabeled 4 uM phalloidin
(17466-45-4, Sigma-Aldrich) for 5 min.

TIRF MICROSCOPY IMAGING

Mff GMPPCP-Drp1 interaction experiment

To measure Mff and GMPPCP-Drp1 interaction, 1 pM Cy5-labeled
Drp1 was incubated in S200 buffer plus 500 uM GMPPCP at room
temperature (RT) overnight. Drp1 was manually added to the flow
cell in a 10 pl volume while the current flow cell solution was re-
moved with Whatman paper. Once Drp1 attached to the cell (15
min incubation), 2 uM fluorescein-labeled Mff (Mff-ATM and Mff-
L2P) was flowed into the chamber. After 1 min incubation, Mff was
washed by S200 buffer plus 500 pM GMPPCP. Two-color images
were acquired at three time points: before, during Mff flow, and af-
ter buffer wash. ImageJ software was used to measure fluorescence
intensity. Briefly, background-subtracted intensities of Drp1 and Mff
on a punctum were measured at the time points mentioned above;
the intensity ratio of Mff/Drp1 was calculated at each time point.

Mff-Drp1-mediated actin bundling experiment
TRITC-phalloidin-stabilized actin filaments (100 nM) were incubated
with 200 nM Drp1 and varying concentrations of unlabeled Mff
overnight at RT. Samples were manually added to the flow cell in a
10 pl volume as mentioned above. Two-color images were acquired
after 15 min sample incubation, and the same exposure times and
laser intensities were used for all conditions. Interestingly, due to the
strong TRITC signal, actin filaments can be acquired by the 488-nm
laser. Under this condition, TRITC signal kept in a linear range with-
out saturation.
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To determine the number of actin filaments in a bundle, maxi-
mum intensity of 50 background-subtracted single actin filaments
from actin alone group was measured by line scan. An average in-
tensity of the filaments was used as the value of single actin fila-
ment. The number of actin filaments in a bundle was calculated by
the ratio of the intensity of actin bundle to single actin filament; 50
actin bundles were measured.

To determine the intensity of actin-colocalized Drp1, actin was
thresholded using an ImageJ plugin, colocalization, with the follow-
ing parameters: ratio, 30% (0-100%); threshold channel, 1: 50 (0-
255); threshold channel, 2: 50 (0-255); display value, 255 (100-255).
Colocalized Drp1 puncta intensities were measured with ImageJ
using line scans.

Mff binding to Drp1-actin bundles experiment

To measure the interaction between Mff and Drp1-preassembled
actin bundles, 2.5 uM Cy5-labeled Drp1 was incubated with 100 nM
unlabeled actin filaments overnight at RT. Drp1 and actin mixture
was manually added to the flow cell as described before. The mix-
ture was incubated in the chamber for 15 min to let actin attach to
the cell. Fluorescein-labeled Mff was flowed into the chamber. After
1 min incubation, Mff was washed by $S200 buffer. To test the effects
of GTP on the interaction, 1 mM GTP was added to the Drp1 and
actin mixture right before adding it into the chamber. Mff flow and
buffer wash steps also included 1 mM GTP throughout the experi-
ment. Two-color images were acquired at three time points: before,
during Mff flow, and after buffer wash. ImageJ software was used to
measure fluorescence intensity. Briefly, background-subtracted in-
tensities of Drp1 and Mff on a given punctum were measured at the
time points mentioned above, and the intensity ratio of Mff/Drp1
was calculated at each time point.

Mff actin interaction experiment

To test the direct interaction between Mff and actin filaments, vary-
ing concentration of Mff were incubated with 100 nM TRITC-actin
filaments overnight at RT. Samples were manually added to the flow
cell in a 10 pl volume as mentioned above. Two-color images were
acquired after 15 min sample incubation, and the same exposure
times and laser intensities were used throughout all conditions
tested.

Cell culture, transfection, and drug treatments

Human osteosarcoma U20S cells (HTB96; American Type Culture
Collection) were grown in DMEM (Invitrogen) supplemented with
10% calf serum (Atlanta Biologicals). All cells were cultivated at 37°C
and in 5% CO;, atmosphere.

For the generation of the Mff KO U20S cell line, an appropriate
guide sequence (5"-CAC CGT GAT AAT GCA AGT TCC GGA G-3)
was cloned into LentiCRISPRv2 vector according to the protocol
from http://genome-engineering.org/gecko/. The resulting guide
plasmid, along with helper plasmids psPAX2 and pMD2.G were
transfected into HEK293 cells using Lipofectamine LTX (Invitrogen).
Supernatant containing lentivirus was collected 48 h post-transfec-
tion and filtered through a 0.45-pm filter. Fresh virus was used to
infect U20S cells. After 48 h, media containing virus was removed
and replaced with fresh media containing 2 ug/ml puromycin. Cells
clones were selected through puromycin resistance, and single cell
clones were expanded and tested for Mff depletion by Western
blotting.

For transfections, cells were seeded at 5 x 10° cells per well in
3-cm culture dishes ~16 h before transfection. Plasmid transfections
were performed in OPTI-MEM media (Invitrogen) with 2 pl Lipo-
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fectamine 2000 (Invitrogen) per plate for 6 h. For all experiments,
the following amounts of DNA were transfected per plate: 25 ng for
GFP-Mff WT and 50 ng for GFP-Mff-L2P. After ~6 h incubation, cells
were trypsinized and replated onto fibronectin (Sigma-Aldrich,
1:100 in PBS)-coated glass coverslips (18 mm diameter, Electron Mi-
croscopy Sciences) at a density of ~3.5 x 10° cells per dish.

LatA (428021; Calbiochem) treatment (Supplemental Figure
S7B) was performed before fixation of the cells; 2 pM LatA (from a 2
mM stock in DMSQO) was dissolved in cell culture media and added
to the cells for 15 min at 37°C. An equal volume of DMSO was used
as control treatment.

Drp1 RNA interference

For siRNA transfections, Mff-KO cells were plated on 3-cm dishes, 1
x 10° cells were plated for control siRNA transfection, and 2 x 10°
cells were prepared for Drp1 siRNA as the knockdown affected cell
growth. Sequence for scrambled control siRNA was 5-CGTTAATC-
GCGTATAATACGCGTAT-3" and siRNA sequence for Drp1 silencing
was 5-GCCAGCTAGATATTAACAACAAGAA-3'. Transfections were
carried out using 2 pl RNAi max (Invitrogen) and 63 pg siRNA per
dish. siRNA transfections were repeated after 48 h, and cells were
transfected with GFP-Mff constructs after 72 h and finally analyzed
96 h post-transfection. Knockdown cells were plated onto fibronec-
tin-coated coverslips, fixed, and stained for Drp1 (Supplemental
Figure S7A).

Cell lysates and Western blotting

For generation of cell lysates (Supplemental Figure S5A), cells were
grown and transfected on 3-cm dishes as described before. On the
following day, cells were washed three times with PBS and lysed us-
ing 1x DB (125 mM Tris-HCl, pH 6.8; 1 mM EDTA, 10% glycerol,
0.4% SDS, 0.01% bromophenol blue, 500 mM NaCl, and 2 M urea).
Cell lysates were collected from plates, boiled 5 min at 95°C, and
sheared using a 27x G needle. Proteins were separated by standard
SDS-PAGE and transferred to a PVDF membrane (polyvinylidine
difluoride membrane; Millipore). The membrane was blocked with
TBS-T (20 mM Tris-HCI, pH 7.6; 136 mM NaCl, and 0.1% Tween-20)
containing 3% bovine serum albumin (Research Organics) for 1 h,
then incubated with the primary antibody solution at 4°C overnight.
After washing with TBS-T, the membrane was incubated with IRDye-
680RD goat anti-mouse or IRDye-800CW goat anti-rabbit second-
ary antibodies (#926-68070, #926-32211, LI-COR) for 1 h at RT.
Membrane was washed with TBS-T and dried before exposure. Sig-
nals were detected using the Odyssey CLx imaging system (LI-COR).
Primary antibodies applied were as follows: GFP (rabbit, self-made,
1:1000), GAPDH (mouse, Santa Cruz (G-9) sc-365062, 1:1000), and
Mff (rabbit, Proteintech 17090-1-AP, 1:1000).

Immunofluorescence staining

Cells were plated subconfluently onto fibronectin-coated coverslips
and allowed to adhere overnight. The following day, cell culture me-
dia was removed, and cells were fixed in prewarmed 4% paraformal-
dehyde/PBS for 20 min at RT, followed by three PBS washes and
permeabilization with 0.1% TritonX-100 in PBS for 1 min. Coverslips
were blocked with 10% calf serum for 30 min, followed by primary
antibody incubation for 1 h. After three PBS washes, coverslips were
incubated with respective secondary antibodies (fluorescein anti-
rabbit or -mouse, 1:300, FI-1000/FI-2000, Vector Laboratories and
Texas-Red anti-rabbit or -mouse, 1:300, TI-1000/TI-2000, Vector
Laboratories) for 45 min. Alexa Fluor 405-phalloidin (A30104, Invit-
rogen) was added with secondary antibodies. After three PBS
washes, coverslips were mounted on glass slides using ProLong
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Gold Antifade mountant (P36930, Invitrogen). Primary antibodies
were as follows: Mff (Proteintech 17090-1-AP, rabbit, 1:200), Tom20
(Santa Cruz [F10]: sc-17764, mouse, 1:50), Tom20 (Abcam ab78547,
rabbit, 1:200), Drp1 (BD Transduction Laboratories 611112, mouse,
1:50), and PMP70 (Abcam ab3421, rabbit, 1:100).

Confocal microscopy

Imaging was performed at a Dragonfly 302 spinning disk confocal
(Andor Technology, Inc.) on a Nikon Ti-E base and equipped with an
iXon Ultra 888 EMCCD camera, and a Zyla 4.2 Mpixel sCMOS cam-
era. Solid-state 405 smart diode 100-mW laser, solid-state 488 OPSL
smart laser 50-mW laser, and solid-state 560 OPSL smart laser 50-
mW laser were used (objective: 10x 1.4 NA CFl Plan Apo; Nikon).
Images were acquired using Fusion software (Andor Technology).

Mitochondrial/peroxisomal length analysis

Mff-KO cells with restored expression of either GFP-Mff WT or GFP-
Mff-L2P were analyzed for their mitochondrial and peroxisomal mor-
phology (Figure 7). Untransfected U20S WT and Mff-KO cells
served as controls for normal and abnormal phenotypes, respec-
tively. Regions of interest (ROls) were selected in the flat cell periph-
ery with well-resolvable, individual organelles. ROIs (400 um? area)
of mitochondria/peroxisomes were converted to 8-bit binary masks
and analyzed using the “analyze particles” plugin in Fiji to obtain
the mean number of mitochondrial/peroxisomal fragments and the
mean size of these organelles per ROI. Settings for analyzing parti-
cles were as follows: size (pixel?), 0.05—infinity, circularity 0.00-1.00
for mitochondria; and size (pixel?), 0.02—infinity, circularity 0.00—
1.00 for peroxisomes, respectively. Data were plotted as bar graphs
or box and whiskers plots.

Mff localization analysis

The 100x images of transfected cells were randomly taken and af-
terward analyzed in a blinded manner. The localization of GFP-Mff
WT or GFP-Mff-L2P was categorized into three groups: uniform dis-
tribution of the GFP signal on mitochondria, mainly uniform distribu-
tion with few puncta visible, or a clear punctate localization on mito-
chondria. The percentage of cells falling into these three classes was
represented in stacked bar graphs with SEM from three indepen-
dent experiments (Supplemental Figure S5, B and C).

Analysis of Mff/Drp1:mitochondrial area ratio

ROls containing mitochondria in spread, peripheral cell areas (Sup-
plemental Figures S6 and S7, B and C) were thresholded using the
same contrast settings for Tom20 staining. Anti-Mff stainings were
first processed by background subtraction using Fiji (rolling ball ra-
dius 5 pixels), then further thresholded applying equal setting pa-
rameters. Mff or Drp1 with respective Tom20 stainings were ana-
lyzed using the Fiji “Colocalization” plugin with the following
parameters: ratio 30% (0-100%), threshold channel 1: 50 (0-255),
threshold channel 2: 50 (0-255), display value (0-255): 255. Colocal-
ized pixels were then converted to a binary mask and quantified
using the "analyze particles” tool with settings as follows: size
(pixel?) 0.01—infinity, circularity 0.00-1.00.

Data processing and statistical analyses

Figures were processed and assembled with Photoshop CS4. Data
analyses were carried out in ImageJ and Excel 2010. Statistical com-
parisons were performed with GraphPad Prism using unpaired t
test. A probability of error of 5% (p < 0.05; * in figure panels) was
considered to indicate statistical significance; ** *** **** indjcated
p values < 0.01, 0.001, and 0.0001, respectively.
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