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Effects of phosphorylation on Drp1 activation 
by its receptors, actin, and cardiolipin

ABSTRACT  Drp1 is a dynamin family GTPase required for mitochondrial and peroxisomal 
division. Oligomerization increases Drp1 GTPase activity through interactions between 
neighboring GTPase domains. In cells, Drp1 is regulated by several factors including Drp1 
receptors, actin filaments, cardiolipin, and phosphorylation at two sites: S579 and S600. 
Commonly, phosphorylation of S579 is considered activating, while S600 phosphorylation is 
considered inhibiting. However, direct effects of phosphorylation on Drp1 GTPase activity 
have not been investigated in detail. Here, we compare effects of S579 and S600 phosphor-
ylation on purified Drp1, using phosphomimetic mutants and in vitro phosphorylation. Both 
phosphomimetic mutants are shifted toward smaller oligomers. Both phosphomimetic muta-
tions maintain basal GTPase activity, but eliminate GTPase stimulation by actin and decrease 
GTPase stimulation by cardiolipin, Mff, and MiD49. Phosphorylation of S579 by Erk2 pro-
duces similar effects. When mixed with wildtype Drp1, both S579D and S600D phosphomi-
metic mutants reduce the actin-stimulated GTPase activity of Drp1-WT. Conversely, a Drp1 
mutant (K38A) lacking GTPase activity stimulates Drp1-WT GTPase activity under both basal 
and actin-stimulated conditions. These results suggest that the effect of S579 phosphoryla-
tion is not to activate Drp1 directly. In addition, our results suggest that nearest neighbor 
interactions within the Drp1 oligomer affect catalytic activity.

INTRODUCTION
The dynamin family GTPase Drp1 is an important mediator of mem-
brane fission for at least two organelles, mitochondria and peroxi-
somes (Kraus et al., 2021). When not mediating membrane fission, 
Drp1 is a cytoplasmic protein. To induce membrane fission, Drp1 is 
recruited to the target membrane by receptor proteins, where it 
oligomerizes into a ring structure around the membrane. Oligomer-
ization increases Drp1 GTPase activity by bringing the N-terminal 
GTPase domains into close proximity (Bui and Shaw, 2013; Fröhlich 
et  al., 2013; Koirala et  al., 2013). Guanosine triphosphate (GTP) 
hydrolysis results in constriction of the Drp1 ring and membrane 
constriction.
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SIGNIFICANCE STATEMENT

•	 Mammalian Drp1 is commonly known to be phosphorylated in two positions, S579 and S600, with 
S579 considered to be activating and S600 considered to be inhibitory to Drp1 function in mito-
chondrial fission. The direct effects of these phosphorylations on Drp1 biochemically, however, have 
not been examined in detail.

•	 We show that both S579 and S600 phosphorylation and/or phosphomimetics decrease the GTPase 
activity of purified Drp1 in several contexts.

•	 These results suggest that other factors must contribute to phosphorylation-based Drp1 regulation 
in cells, especially for S579.
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Drp1 receptors can directly activate Drp1. One Drp1 receptor, 
Mff, is on both mitochondrial and peroxisomal membranes. Mff it-
self is a trimer, and its binding causes increased Drp1 GTPase activ-
ity in vitro (Clinton et al., 2016; Liu et al., 2021). A second set of Drp1 
receptors, MiD49 and MiD51, are only found on mitochondria. In 
their inactive state, MiD proteins are monomeric and do not activate 
Drp1. Binding to fatty acyl-coenzyme A stimulates MiD oligomeriza-
tion, which in turn stimulates Drp1 GTPase activity (Liu et al., 2023).

Other regulatory molecules for Drp1 include actin filaments and 
phospholipids. Biochemically, actin filaments stimulate Drp1 GTPase 
activity approximately four-fold through direct binding (Ji et  al., 
2015; Hatch et al., 2016). In cells, actin polymerization through an 
endoplasmic reticulum-bound formin protein, INF2, increases Drp1 
oligomerization and mitochondrial recruitment (Korobova et  al., 
2013; Ji et al., 2015, 2017). The mitochondrial lipid cardiolipin (CL) 
can affect a >20-fold stimulation of GTPase activity biochemically 
(Macdonald et al., 2014), while CL-derived phosphatidic acid sup-
presses Drp1 activation (Adachi et al., 2016).

Drp1 is also subject to a number of posttranslational modifica-
tions (Chang and Blackstone, 2010; Wilson et al., 2013), with phos-
phorylation in particular being correlated with changes in Drp1-me-
diated mitochondrial fission. Two well-studied phosphorylation sites 
occur within a 21 amino acid segment of the Variable Domain (VD) 
of Drp1 (Wilson et al., 2013; Figure 1A), which forms an unstructured 
loop at one end of the elongated Drp1 structure (Fröhlich et al., 
2013; Figure 1B). Depending on the splice variant and species stud-
ied (Strack et al., 2013; Itoh et al., 2018; Rosdah et al., 2020), the 
positions of these sites differ (Figure 1C), with the most common 
names in the literature being S616 and S637, but which will be re-
ferred to here mostly as S579 and S600, as explained in the Results 
section.

Phosphorylation of S579 has been observed for multiple kinases, 
including CDK1, CDK5, ERK2, CaMKII, ROCK, PKCδ, and PINK 
(Taguchi et al., 2007; Qi et al., 2011; Yu et al., 2011; Strack et al., 
2013; Kashatus et al., 2015; Serasinghe et al., 2015; Xu et al., 2016; 
Brand et al., 2018; Han et al., 2020), with phosphorylation being 
correlated with increased mitochondrial fission. Phosphorylation of 
S600 by protein kinase A (PKA), CaMK1a, ROCK1, AMPK, and pro-
tein kinase D has been reported (Chang and Blackstone, 2007; 
Cribbs and Strack, 2007; Han et  al., 2008; Wang et  al., 2012; 
Wikstrom et al., 2013; Jhun et al., 2018). In most cases, S600 phos-
phorylation has been correlated with decreased mitochondrial fis-
sion (Chang and Blackstone, 2007; Cribbs and Strack, 2007; 
Cereghetti et al., 2008; Wikstrom et al., 2013). However, some stud-
ies show evidence for a positive effect of S600 phosphorylation on 
cellular Drp1 activity (Han et al., 2008; Wang et al., 2012; Jhun et al., 
2018; Galvan et al., 2019), while another study reports no effect (Yu 
et al., 2019). Finally, one report suggests that S600 phosphorylation 
promotes S579 phosphorylation, and that the doubly phosphory-
lated S579/S600 protein correlates with increased mitochondrial 
fission (Valera-Alberni et al., 2021). Many of the above-cited publi-
cations utilize phosphomimetic mutants to induce similar mitochon-
drial changes to those induced by phosphorylation, suggesting that 
phosphomimetics can elicit similar effects.

It is unclear whether phosphorylation at either site directly al-
ters Drp1 activity. For S579 phosphorylation, no biochemical data 
addressing Drp1 activity are available. For S600 phosphorylation, 
the biochemical data are conflicting. In one study, a phosphomi-
metic mutant of Drp1 maintains oligomerization and GTP hydroly-
sis activity (Cribbs and Strack, 2007). In another study, in vitro 
phosphorylation of GST-Drp1 by PKA inhibits GTPase activity 
(Chang and Blackstone, 2007). Recent structural work suggests 

that S600 phosphorylation inhibits MiD49 binding (Kalia et  al., 
2018), although cellular co-IP experiments suggest that the S600D 
phosphomimetic binds better to MiD49 and MiD51 than does the 
nonphosphorylatable S600A mutant (Losón et  al., 2013). Other 
studies show that the region of Drp1 containing both phosphoryla-
tion sites (the VD) inhibits binding to Mff (Liu and Chan, 2015; 
Clinton et al., 2016), although neither S579D nor S600D phospho-
mimetics alter this effect (Liu and Chan, 2015).

In this study, we assess the biochemical effects of Drp1 phos-
phorylation on oligomerization and GTPase activity of Drp1 alone, 
and in the presence of several activators (actin, CL, Mff, MiD49). For 
these studies, we use both phosphomimetic S-to-D mutations and 
in vitro phosphorylation on the S579 site. Surprisingly, we find that 
both types of phosphorylation inhibit the abilities of these activators 
to stimulate Drp1 activity.

RESULTS
Phosphomimetic mutants are less oligomerized in the 
nucleotide-free state
We constructed two phosphomimetic Drp1 mutants corresponding 
to S616D and S637D in isoform 1. We refer to these mutants, how-
ever, as S579D and S600D, respectively, because we use isoform 3 
of Drp1 (Figure 1C). In HeLa, HL60 and PC12 cells, isoform 3 is the 
most abundant isoform present, making up over 40% of total Drp1 
protein (Strack et al., 2013). In another study, isoform 3 represents 
the majority of the mRNA in mouse heart, muscle, liver, and embry-
onic fibroblasts, and is the most ubiquitously expressed isoform 
throughout tissues (Itoh et al., 2018).

The S579 site, generally thought to activate Drp1, is located 
within the VD; while the S600 site, generally thought to inhibit Drp1, 
marks the boundary between the VD and the stalk (Figure 1A). The 
region encompassing both sites is poorly resolved in the existing 
structural models of nucleotide-free Drp1(Fröhlich et  al., 2013; 
Figure 1B) or other models (Kalia et al., 2018).

By size exclusion chromatography at high Drp1 concentration 
(30 μM), both phosphomutants are slightly shifted to smaller sizes 
compared with Drp1-WT (Figure 2A). For more detailed analysis of 
Drp1 hydrodynamic properties, we used velocity analytical ultracen-
trifugation (vAUC). Previously, we reported that purified Drp1-WT 
exists in several oligomeric states (Hatch et al., 2016), similar to the 
results of other studies (Fröhlich et  al., 2013; Macdonald et  al., 
2014). We compared the Drp1-S579D and Drp1-S600D to Drp1-WT 
by vAUC at three concentrations: 8, 4, and 1.5 µM (Figure 2B). As 
with Drp1-WT, both mutants display a 7 S species that is similar to 
the sedimentation pattern of an oligomerization-deficient mutant 
(Fröhlich et al., 2013; Hatch et al., 2016), suggesting that this is the 
dimeric species. In addition, several species of higher S values, cor-
responding to larger oligomers, are present for Drp1-WT. At all con-
centrations tested, both Drp1 S579D and S600D shift towards 
smaller oligomers when compared with WT, with the S600D mutant 
displaying a greater shift.

We also tested the ability of Drp1 to form larger oligomers in 
the presence of the nonhydrolysable GTP analogue GMP-PCP us-
ing a high-speed sedimentation assay (Hatch et al., 2016). At three 
Drp1 concentrations (0.5, 1.0, and 2.0 µM), GMP-PCP causes simi-
lar degrees of Drp1 sedimentation for all constructs, suggesting 
that GTP-mediated oligomerization is not affected by these muta-
tions (Figure 2, C and D).

These data suggest that both the S579D and S600D mutants 
display less ability to oligomerize in the nucleotide-free state than 
WT Drp1, but that nonhydrolyzable GTP induces all three proteins 
to oligomerize.
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FIGURE 1:  Drp1 phosphorylation sites. (A) Domain organization of Drp1 isoform 3 (also called Drp1-000): GTPase 
domain (green), Bundle Signaling Element (BSE, red), stalk (blue), VD, black, also called the B-insert in some 
publications. Blue and red stars indicate phosphorylation sites S579 (site 1) and S600 (site 2), respectively. Black arrows 
indicate locations of the three alternatively spliced inserts. (B) Structural model of Drp1 dimer (PDB 4BEJ) showing 
positions of phosphorylation sites S579 (blue star) and S600 (red star) on one subunit (color coded similar to panel A). 
Dashed loops for VD denote that this was not resolved in PDB 4BEJ. (C) Table listing positions of the phosphorylation 
sites corresponding to S579 (Site 1) and S600 (Site 2) in this paper for the nine human Drp1 isoforms listed in UniProt, 
following: *isoform designation given by (Rosdah et al., 2020) and, ** binary nomenclature used by (Strack et al., 2013). 
Binary nomenclature based on presence (1) or absence (0) of the three alternatively spliced inserts, with “x” denoting a 
variation of the indicated site (described in [Rosdah et al., 2020]). Of note, additional splice variants have been identified 
in murine Drp1 (Itoh et al., 2018).

Phosphomimetic mutants for both S579 and S600 reduce 
Drp1 responses to activators
We next examined the GTPase activities of the two phosphomi-
metic mutants. Both mutants display similar GTPase activity to 
Drp1-WT (1.57 ± 0.09, 1.51 ± 0.02, and 1.33 ± 0.14 μM/min/μM for 
WT, S579D, and S600D, respectively). Previously, we reported that 
actin filaments have a biphasic effect on Drp1 GTPase activity, 
where low actin filament concentrations are stimulatory but higher 
concentrations bring the activity back to the Drp1-alone values 
(Hatch et al., 2016), likely due to the fact that sparser Drp1 binding 
along the actin filament at high actin:Drp1 ratio reduces interaction 

between Drp1 GTPase domains (Liu et al., 2023). We tested whether 
the phosphomimetic mutants responded to actin in a similar man-
ner. Surprisingly, actin does not activate Drp1 S579D or Drp1 S600D 
at any concentration tested (Figure 3A).

Previously, we reported that Drp1 binds actin filaments with a 
Kd

app in the range of 1–2 µM (Ji et al., 2015; Hatch et al., 2016). We 
compared actin binding for Drp1-WT, Drp1-S579D, and Drp1-
S600D by cosedimentation assay at two ionic strengths: 65 mM and 
140 mM NaCl. Drp1-WT and Drp1-S579D display similar Kd for actin 
at 65 mM NaCl (Kd

app 1.7 and 2.5 µM for WT and S579D, respec-
tively), while Drp1-S600D displays significantly lower actin affinity 
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(Kd
app 7.1 µM). We previously reported that Drp1-WT binding to 

actin filaments saturates at approximately 50% Drp1 bound (Hatch 
et al., 2016). Both mutants display lower percent bound at saturat-
ing actin (48, 27, and 18% bound for WT, S579D, and S600D, re-
spectively; Figure 3B; Supplemental Figure S1, A and B). At 140 mM 
NaCl, Drp1 S579D has a similar affinity for actin filaments as WT (1.1 
and 1.2 µM for S579D and wild-type, respectively) and a compara-
ble percent bound (10.9 and 8.3% for S579D and WT, respectively), 
while Drp1 S600 has lower affinity and percent bound than the other 
constructs (4.3 µM and 6.1% bound; Figure 3C; Supplemental 
Figure S1, C–E). These results suggest that the phosphosite mutants 
have altered actin-binding properties, with Drp1 S600D displaying 
less actin interaction under all conditions.

We also asked whether GTPase stimulation by another Drp1 
activator, CL (Macdonald et al., 2014), was affected by the S579D 
or S600D mutations. Interestingly, unilamellar vesicles containing 
25 mol% CL are less stimulatory to Drp1-S579D and Drp1-S600D 
than they are for Drp1-WT (Figure 3D).

We have previously shown that the cytoplasmic region of the 
Drp1 receptor Mff activates Drp1, and that actin filaments synergize 
with Mff by reducing the Mff concentration needed for maximal 
Drp1 activation (Liu et al., 2021). Both phosphomimetic mutants dis-
play slightly decreased activation by Mff alone (Figure 3E). Interest-
ingly, actin filaments still synergize with Mff for Drp1-S579D stimula-
tion, albeit with a lower maximal activation (Figure 3F). In contrast, 
the Drp1-S600D mutant displays greatly reduced synergy between 
actin and Mff (Figure 3F).

Two other Drp1 receptors, MiD49 and MiD51, do not activate 
Drp1 GTPase activity when they themselves are not activated. Upon 

binding their activating ligand, acyl-CoA, MiD proteins oligomerize, 
resulting in Drp1 GTPase activation in a biphasic manner, similar to 
actin (Liu et al., 2023). Here, we find that both Drp1 phosphomi-
metic mutants are also activated by acyl-CoA-bound MiD49 in a bi-
phasic manner. However, the degree of activation is lower, with 
Drp1-S600D being most affected (Figure 3G). Similar to Drp1-WT, 
neither phosphomimetic mutant is stimulated by MiD49 monomer 
(Figure 3G).

As with actin filaments, oligomerized MiD49 synergizes with Mff 
by reducing the Mff concentration required for maximal Drp1 activa-
tion. Drp1-S579D displays maximal activity in the presence of low 
concentrations of Mff and oligomerized MiD49, albeit at a lower 
maximum than Drp1-WT (Figure 3H). Similarly, despite its decreased 
ability to stimulate Drp1-S600D, oligomerized MiD49 is able to re-
duce the concentration of Mff required for Drp1-S600D stimulation.

One question is whether the phosphomimetic mutants bind 
Drp1 receptors with lower affinity, as opposed to binding similar 
affinity but being activated to a lower level. As a test of these pos-
sibilities, we used cosedimentation assays with Drp1 (WT, S579D, 
or S600D) and Mff in the presence of GMP-PCP. We use a concen-
tration of Mff (50 μM) that causes a significant increase in Drp1 
GTPase activity (Figure 3E). As observed earlier (Figure 1, C and D), 
GMP-PCP causes efficient sedimentation of all three Drp1 con-
structs (Supplemental Figure S2). When Mff is also present, GMP-
PCP results in Mff sedimentation at approximately stoichiometric 
amounts to Drp1 (Supplemental Figure S2). These effects occur 
with all Drp1 constructs (WT, S579D, S600D), suggesting that Drp1 
binding to Mff is not significantly compromised in the phosphomi-
metic mutants.

FIGURE 2:  Oligomeric properties of Drp1 phosphomimetic mutants. (A) Superose 6 gel filtration profiles of 30 µM of 
Drp1-WT, Drp1-S579D, and Drp1-S600D. At top are peak elution positions for two standards (thyroglobulin [670 kDa] 
and ferritin [440 kDa]) as well as the void volume position. (B) vAUC of Drp1-WT, Drp1-S579D, and Drp1-S600D (black, 
red, and blue, respectively) at three concentrations: 8, 4, and 1.5 µM. (C) Coomassie-stained gel showing sedimentation 
assays graphed in panel C. Mass markers (in kDa) shown at left. P = pellet, S = supernatant. (D) Quantification of percent 
oligomerized Drp1 from sedimentation assays of Drp1-WT, Drp1-S579D, and Drp1-S600D in the presence of the 
nonhydrolysable GTP analogue GMP-PCP (500 µM) at 0.5, 1.0, and 2.0 µM Drp1.
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FIGURE 3:  Effects of Drp1 phosphomimetic mutants on actin binding and GTPase stimulation by actin, Mff, and MiD49. 
Wild-type, Drp1 S579D, Drp1 S600D shown in black, blue, and red, respectively, for all panels. All GTPase assays 
contain 0.75 µM Drp1. (A) GTPase assays containing 0.75 µM Drp1 that was preincubated with the indicated 
concentration of actin filaments for 5 min before GTP addition. Activity expressed as µM phosphate released per minute 
per µM Drp1. (B) and (C) Graphs of percent Drp1 bound versus actin concentration, from cosedimentation assays at 
65 mM (B) and 140 mM NaCl (C), respectively (1.3 µM Drp1 in all cases). Raw data in Supplemental Figure S1. 
(D) GTPase assays containing Drp1 that was preincubated with the indicated concentration of CL-containing vesicles 
(40% DOPC, 35% DOPE, 25% CL) for 5 min before GTP addition. (E) Comparison of Drp1-WT with Drp1-S579D and 
Drp1-S600D GTPase activities in the presence of the indicated concentration of Mff for 5 min before GTP addition. 
(F) Comparison of Drp1-WT with Drp1-S579D and Drp1-S600D GTPase activities in the presence of 0.5 µM actin 
filaments and the indicated concentration of Mff for 5 min before GTP addition. Values for Mff alone are indicated by 
open circles and dashed lines, while values for Mff/actin are indicated by closed circles and solid lines. (G) Comparison 
of Drp1-WT with Drp1-S579D and Drp1-S600D GTPase activities in the presence of the indicated concentration of 
MiD49 monomer (diamonds) or MiD49 oligomer (circles) for 5 min before GTP addition. (H) Comparison of Drp1-WT 
with Drp1-S579D and Drp1-S600D GTPase activities in the presence of 0.25 µM MiD49 oligomer and the indicated 
concentration of Mff for 5 min before GTP addition. Values for Mff alone are indicated by open circles and dashed lines, 
while values for Mff/MiD49 are indicated by closed circles and solid lines. Error bars represent mean ± S.D. (n = 3).
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We conducted similar sedimentation experiments in the absence 
of nucleotide, or in the presence of GTP. In the absence of nucleo-
tide, Mff does not result in significant sedimentation of any Drp1 
construct (Supplemental Figure S2). In the presence of GTP, a 
low amount of Drp1 sediments in the absence of Mff, but this 
amount significantly increases in the presence of Mff (Supplemental 
Figure S2). Both mutants (S579D and S600D) display ∼ 50% less 
Drp1 and Mff in these pellets than for Drp1-WT (Supplemental 
Figure S2), suggesting a decreased ability to oligomerize in the 
presence of GTP and Mff.

These results show that phosphomimetics of both the “activat-
ing” (S579D) and “inhibitory” (S600D) sites on Drp1 result in a re-
duction of Drp1 activation by a variety of activators. This reduction 
is most pronounced for actin filaments.

Drp1 phosphorylated on S579 displays similar properties to 
the S579D phosphomimetic
The results for Drp1-S579D were surprising, considering that this 
site has been found to be associated with increased mitochondrial 
fission in cells. We sought to test these results further by directly 
phosphorylating Drp1 on S579 using recombinant ERK2, one of the 
kinases shown to mediate this phosphorylation (Kashatus et  al., 
2015; Serasinghe et al., 2015) Incubation with ERK2 for 4-h results in 
a slight decrease in mobility on SDS–PAGE, suggestive of phos-
phorylation (Figure 4A). Western blotting using an antibody against 
phospho-S579 shows saturation of this signal on a similar time scale 
(Figure 4B). Size exclusion chromatography of 4-h phosphorylated 
Drp1 results in a similar elution profile to mock-phosphorylated 
sample (Figure 4C, 30 µM Drp1 loaded). Analysis by tryptic digest 
and mass spectrometry reveals that 81% of the detected phosphor-
ylation events are on S579, with other phosphorylated residues 
detected being: S136 (3.9%), S535 (3.9%), T558/T559 (3.9%), 
S570 (2.7%), S126 (2.3%), T548/T549 (1.9%), T394 (0.4%), and 
S526 (0.4%; Supplemental Table 1). Unfortunately, the peptide 
encompassing S600 was not recovered in the analysis (Supplemen-
tal Table 1), so phosphorylation of this residue cannot be assessed. 
These results suggest that ERK2-treated Drp1 is efficiently phos-
phorylated on S579, with minor phosphorylation on other residues. 
The presence of non-phospho-S579 peptides in the ERK2-treated 
sample (Supplemental Table 1) suggests that less than 100% of the 
Drp1 is phosphorylated, but this technique does not allow absolute 
quantification of phosphorylation percentage.

Similar to its phosphomimetic analogue, S579-phosphorylated 
Drp1 (P-S579-Drp1) is not stimulated by actin filaments (Figure 4D). 
In actin binding assays, P-S579-Drp1 displays an approximate two-
fold decrease in maximal actin binding relative to Drp1-mock, while 
maintaining a similar affinity (Figure 4E; Supplemental Figure S3), 
similar to the S579D mutant. CL-containing vesicles only weakly 
stimulate P-S579-Drp1 (Figure 4F), which is a comparatively greater 
effect than that of the phosphomimetic. Similar to Drp1-S579D, 
P-S579-Drp1 is stimulated by Mff or by MiD49 oligomers to a lesser 
extent than Drp1-WT (Figure 4, G and H). Interestingly, the synergy 
of Mff with actin filaments is strongly reduced for Drp1-S579D 
(Figure 4I) while the synergy between Mff and MiD49 oligomers is 
maintained (Figure 4J).

A recent publication reports that phosphorylation at the S600 
position can stimulate S579 phosphorylation in some cases, and this 
doubly phosphorylated Drp1 leads to increased mitochondrial frag-
mentation (Valera-Alberni et al., 2021). We therefore tested whether 
doubly phosphorylated Drp1 displays different properties to either 
singly phosphorylated protein. For these experiments, we phos-
phorylated Drp1-S600D on S579 using Erk2, resulting in a similar 

gel shift as Drp1-phosphoS579 (Figure 5A) and similarly high 
spectral counts for phosphoS579 by phosphor-proteomics (Supple-
mental Table 1). As with Erk2-phosphorylated Drp1-WT, Drp1-phos-
phoS579/S600D is not activated by actin filaments or CL (Figure 5, 
B and C), and displays reduced activation by Mff (Figure 5D). Inter-
estingly, Drp1-phosphoS579/S600D displays no activation by 
MiD49 oligomers (Figure 5E), and no synergistic effect of actin or 
MiD49 oligomers on Mff activation (Figure 5, F and G).

The Drp1 protein used thus far (isoform 3) contains none of the 
possible alternately spliced inserts identified for mammalian Drp1. 
While isoform 3 predominates in some cell types, it is a minor iso-
form in others, and the other splice variants also make up an appre-
ciable percentage of total Drp1 in most cells and tissues (Strack 
et al., 2013; Itoh et al., 2018). In particular, the isoform containing all 
splice inserts (isoform 6) is uniquely expressed in brain (Itoh et al., 
2018). We therefore tested whether isoform 6 behaves similarly to 
isoform 3 in response to Erk2 phosphorylation. Treatment of isoform 
6 with Erk2 results in decreased mobility on SDS–PAGE (Figure 6A), 
suggesting successful phosphorylation on S629 (equivalent to S579 
in isoform 3). Similar to isoform 3, P-S629-Drp1(i6) is not activated 
by actin filaments (Figure 6B). In addition, Mff and MiD49 stimulate 
P-S629-Drp1(i6) to a lesser extent than nonphosphorylated Drp1 
(Figure 6, C and D). These results suggest that the presence of the 
three splice inserts do not alter Drp1’s response to phosphorylation 
on the canonical “activating” site.

Taken together, the results in this section show that Drp1-
phosS579 possesses similar properties to the phosphomimetic 
S579D mutant in its reduced stimulation by all tested activators. In 
fact, Drp1-phosS579 displays less stimulation by CL than Drp1-
S579D, and displays no synergy between actin and Mff.

Drp1-S579D does not stimulate actin-mediated activation of 
Drp1-WT
In a cellular context, it is likely that only a fraction of Drp1 is phos-
phorylated, even under conditions of cell activation. Therefore, we 
wished to test the effect of S579- and S600-phosphorylated Drp1 
on nonphosphorylated Drp1. Our reasoning was as follows: if 
GTPase activation is a consequence of interaction between two 
neighboring GTPase domains, heteromeric assemblies between 
phosphorylated and nonphosphorylated Drp1 might have effects 
on GTPase activation.

The ability of the S579D to bind actin without stimulation of its 
GTPase activities allowed us to test the effects of Drp1-S579D on 
actin-mediated activation of Drp1-WT GTPase activity. We used 
GFP-tagged Drp1 as the WT version of Drp1, to distinguish be-
tween WT and mutant proteins in cosedimentation assays. In previ-
ous studies, we found that GFP-Drp1 displayed similar activity to 
un-tagged Drp1 (Hatch et al., 2016; Liu et al., 2021).

We varied percentages of Drp1-S579D and GFP-Drp1-WT, while 
maintaining a constant total Drp1 concentration, to assess effects 
on actin binding and actin-stimulated GTPase activity by the WT 
construct. In these experiments, we used concentrations of total 
Drp1 (1.3 µM) and actin (1 µM) that result in subsaturating Drp1 on 
actin. There is a linear increase in the percent GFP-Drp1 bound as 
the ratio of GFP-Drp1-WT:Drp1-S579D increases (Figure 7, A and B), 
suggesting no effects of Drp1-S579D on Drp1-WT binding to fila-
ments. Interestingly, there is a nonlinear increase in actin-stimulated 
GTPase activity when GFP-Drp1-WT is titrated into Drp1-S579D, 
whereby no increase in GTPase activity is observed until 40% GFP-
Drp1-WT is present (Figure 7C). A similar nonlinear effect of Drp1-
S579D occurs when untagged Drp1-WT is used (Figure 7D), indicat-
ing that the GFP-tag is not the source of the effect. This nonlinear 
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FIGURE 4:  Effects of Phospho-S579-Drp1 on actin binding and GTPase stimulation by actin, Mff, and MiD49. In all 
graphs, Drp1-WT and P-S579-Drp1 in black and orange, respectively. All GTPase assays contain 0.75 µM Drp1. 
(A) Coomassie-stained SDS–PAGE of Drp1 from either mock phosphorylation or ERK2 phosphorylation reactions (4 h). 
2 µg Drp1 on gel. Positions of size standards (in kDa) on left. (B) Western blot showing anti-Drp1 (red) and anti-phospho-
S579-Drp1 (green) at varying times after ERK2 treatment. (C) Superose 6 gel filtration profiles of WT and P-S579-Drp1. 
At top are peak elution positions for two standards (thyroglobulin [670 kDa] and ferritin [440 kDa]) as well as the void 
volume position. (D) GTPase assays containing Drp1 that was preincubated with the indicated concentration of actin 
filaments for 5 min before GTP addition. Activity expressed as µM phosphate released per min per µM Drp1. (E) Graph 
of % Drp1 bound versus actin concentration, from cosedimentation assays at 65 mM NaCl. Raw data in Supplemental 
Figure S2. (F) GTPase assays containing Drp1 that was preincubated with the indicated concentration of CL-containing 
vesicles (μM total lipid, vesicles contain 40% DOPC, 35% DOPE, and 25% CL) for 5 min before GTP addition. 
(G) Comparison of WT and P-S579-Drp1 GTPase activities in the presence of the indicated concentration of Mff for 
5 min before GTP addition. (H) Comparison of WT and P-S579-Drp1 GTPase activities in the presence of the indicated 
concentration of MiD49 monomer (diamond) or MiD49 oligomer (circle) for 5 min before GTP addition. (I) Comparison 
of WT and P-S579-Drp1 GTPase activities in the presence of 0.5-µm actin filaments and the indicated concentration of 
Mff for 5 min before GTP addition. Values for Mff alone are indicated by open circles and dashed lines, while values for 
Mff/actin are indicated by closed circles and solid lines. (J) Comparison of WT and P-S579-Drp1 GTPase activities in the 
presence of 0.25 µM MiD49 oligomer and the indicated concentration of Mff for 5 min before GTP addition. Values for 
Mff alone are indicated by open circles and dashed lines, while values for Mff/MiD49 are indicated by closed circles and 
solid lines. Error bars represent mean ± S.D. (n = 3).
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effect of Drp1-S579D on actin-activated Drp1-WT GTPase activity 
suggests that the S579D mutant slightly inhibits Drp1-WT activation 
when heteromerically bound to actin.

We tested an additional mutant, Drp1-K38A, for effects on Drp1-
WT activity under activating conditions. This mutant is widely used as 
a dominant-negative in cellular experiments. An equivalent mutant in 
dynamin 1 is also a dominant-negative in cells, but causes increased 

oligomerization of the wild-type protein (Warnock et al., 1996). As 
expected, Drp1-K38A displays no GTP hydrolysis in the absence or 
presence of actin filaments (Figure 8A), while binding actin filaments 
with similar properties to Drp1-WT (Figure 8, B and C).

The absence of all GTPase activity for Drp1-K38A allowed us to 
test its effect on the specific activity of Drp1-WT directly, when the 
two are bound to actin filaments. Interestingly, Drp1-K38A has a 

FIGURE 5:  Effects of Drp1-phosphoS579/S600D on GTPase stimulation. In all graphs, Drp1-WT and Drp1-
phosphoS579/S600D in black and green, respectively. All GTPase assays contain 0.75 µM Drp1. (A) Coomassie-stained 
SDS–PAGE of Drp1 from either Drp1- mock phosphorylation, Drp1- ERK2 phosphorylation, or Drp1-S600D- ERK2 
phosphorylation reactions (4 h). 2 µg Drp1 on gel. Positions of size standards (in kDa) on left. (B) GTPase assays 
containing Drp1 that was preincubated with the indicated concentration of actin filaments for 5 min before GTP 
addition. Activity expressed as µM phosphate released per minute per µM Drp1. (C) GTPase assays containing Drp1 
that was preincubated with the indicated concentration of CL-containing vesicles (40% DOPC, 35% DOPE, and 25% CL) 
for 5 min before GTP addition. (D) Comparison of Drp1-WT and Drp1-phosphoS579/S600D GTPase activities in the 
presence of the indicated concentration of Mff for 5 min before GTP addition. (E) Comparison of Drp1-WT and 
Drp1-phosphoS579/S600D activities in the presence of the indicated concentration of MiD49 monomer (diamond) or 
MiD49 oligomer (circle) for 5 min before GTP addition. (F) Comparison of Drp1-WT and Drp1-phosphoS579/S600D 
GTPase activities in the presence of 0.5 µm actin filaments and the indicated concentration of Mff for 5 min before GTP 
addition. Values for Mff alone are indicated by open circles and dashed lines, while values for Mff/actin are indicated by 
closed circles and solid lines. (G) Comparison of Drp1-WT and Drp1-phosphoS579/S600D activities in the presence of 
0.25 µM MiD49 oligomer and the indicated concentration of Mff for 5 min before GTP addition. Values for Mff alone are 
indicated by open circles and dashed lines, while values for Mff/MiD49 are indicated by closed circles and solid lines. 
Error bars represent mean ± S.D. (n = 3).
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significant stimulatory effect on actin-activated GTPase activity for 
Drp1-WT in these assays. The maximum effect occurs at 30–40% 
Drp1-K38A, where Drp1-WT specific activity is over three-fold higher 
than for 100% Drp1-WT (Figure 8D). We also compared GTPase 
activity of varying ratios of WT and K38A mutants with no actin 
present. In this case, K38A has an even more dramatic effect, with an 
80:20 ratio of K38A:WT having 10-fold higher specific activity than 
100% Drp1 (Figure 8E). A similar effect has previously been observed 
for dynamin-1 (Warnock et al., 1996).

To verify that the stimulatory effect of Drp1-K38A on Drp1-WT is 
due to heterooligomerization, we utilized the Drp1 dimer mutant 
(Drp1-DM) in place of Drp1-WT. Drp1-DM has similar basal GTPase 
activity to Drp1-WT (Fröhlich et al., 2013), but remains dimeric at all 
concentrations tested and does not form a sedimentable species in 
the presence of GMP-PCP (Hatch et al., 2016). As the percentage of 
Drp1-DM increases relative to Drp1-K38A, there is a linear increase 
in GTPase activity and no increase in specific activity (Figure 8F). We 
conclude that the stimulatory effect of Drp1-K38A on Drp1-WT 
GTPase activity is due to heterooligomerization effects.

These results suggest that Drp1-S579D reduces the activity of 
Drp1-WT when both are bound to actin filaments. In contrast, the 
GTPase activity of Drp1-WT is increased by the proximity of the 
catalytically inactive Drp1-K38A, either when bound to actin fila-
ments or free in solution.

DISCUSSION
In this study, we have tested the effects of two phosphomimetic 
mutants on Drp1 activity. The S579D mutant is widely thought to be 

stimulatory to Drp1 activity in cells (Taguchi et al., 2007; Qi et al., 
2011; Yu et  al., 2011; Strack et  al., 2013; Kashatus et  al., 2015; 
Serasinghe et  al., 2015; Xu et  al., 2016; Brand et  al., 2018; Han 
et al., 2020), while the S600D mutant has been shown to be inhibi-
tory in most cellular studies (Chang and Blackstone, 2007; Cribbs 
and Strack, 2007; Cereghetti et al., 2008; Wikstrom et al., 2013), but 
stimulatory in others (Han et al., 2008; Wang et al., 2012; Jhun et al., 
2018; Galvan et al., 2019). Both phosphomimetic mutants display 
decreased oligomerization in a GTP-free state, but oligomerize in 
the presence of GMP-PCP. Both phosphomimetic mutants display 
low GTPase stimulation by actin filaments, and reduced stimulation 
by CL or the Drp1 receptors Mff and MiD49. Drp1 phosphorylated 
in vitro on S579 displays similar attributes, with its CL-stimulated 
GTPase activity being even less than for its corresponding phospho-
mimetic. When mixed with Drp1-WT on actin filaments, Drp1-S579D 
decreases the actin-stimulated activity of Drp1-WT.

The most striking aspect of these results is that phosphorylation 
at the S579 site, which has been associated with increased Drp1 
activity in cellular studies, causes a decrease in activator-stimulated 
GTP hydrolysis, a fundamental readout of biochemical Drp1 activity. 
One possible reason for this apparent contradiction is that the Drp1 
isoforms used here: isoform 3, which contains none of the alter-
nately spliced exons; and isoform 6, which contains all three exons 
(Figure 1), do not display activation by S579 phosphorylation while 
other isoforms do. In the most comprehensive assessments to-date 
of Drp1 isoform abundance at the protein (Strack et al., 2013) and 
mRNA level (Itoh et al., 2018), most cell and tissue types contain a 
mix of isoforms, with isoform 3 being the most abundant in some 

FIGURE 6:  Effects of Erk2 phosphorylation on GTPase activity of Drp1 isoform 6. In all graphs, Drp1-WT and Drp1-
phosphoS629 in black and orange, respectively. All GTPase assays contain 0.75 µM Drp1. (A) Coomassie-stained 
SDS–PAGE of Drp1 isoform 6 from either Drp1- mock phosphorylation or Drp1- ERK2 phosphorylation (4 h). 2 µg Drp1 
on gel. Positions of size standards (in kDa) on left. (B) GTPase assays containing Drp1 that was preincubated with the 
indicated concentration of actin filaments for 5 min before GTP addition. Activity expressed as µM phosphate released 
per minute per µM Drp1. (C) Comparison of Drp1-WT and P-S629-Drp1 GTPase activities in the presence of the 
indicated concentration of Mff for 5 min before GTP addition. (E) Comparison of Drp1-WT and P-S629-Drp1 activities in 
the presence of the indicated concentration of MiD49 monomer (diamonds) or MiD49 oligomer (circles) for 5 min before 
GTP addition. Error bars represent mean ± S.D. (n = 3).
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(but not all) cell lines. Nonetheless, other isoforms represent a sig-
nificant proportion of total Drp1. Considering that two alternatively 
spliced exons lie near the S579 site, additional studies are needed 
to test isoform-specific effects of phosphorylation.

Another possibility is that the positive effect of S579 phosphoryla-
tion depends on additional factors. For instance, S579 phosphoryla-
tion might result in recruitment of a factor that is stimulatory to Drp1 
oligomerization, GTPase activity, or ability to constrict membranes. It 
is unclear what such a factor might be, but one possibility is a mem-
ber of the nucleotide diphosphate kinase (NDPK) family that can 
catalyze GTP synthesis from guanosine diphosphate (GDP) and ad-
enosine triphosphate (ATP). Cytosolic NDPK family members NME1 
and NME2 have been shown to increase activity of dynamin1 and 
dynamin2, while mitochondrial NME4 increases activity of the mito-
chondrial inner membrane dynamin Opa1 under conditions of low 
GTP (Boissan et al., 2014). Physical interaction between these NDPKs 
and their respective dynamin proteins might raise the local concen-
tration of GTP, increasing GTPase activity. There is evidence that an-
other NDPK, NME3 enriches on peroxisomes and mitochondria, and 

might work with Drp1 in a similar manner (Honsho et al., 2020; Abe 
et al., 2023). However, this NDPK has also been implicated in mito-
chondrial fusion (Chen et al., 2019; Ikeda et al., 2023). A second pos-
sibility is influence of Drp1 phosphorylation on inner mitochondrial 
membrane fission, through factors like the recently identified Mdi1/
Atg44 (Connor et  al., 2023). However, Mdi1 does not have clear 
mammalian homologues. In addition, inner mitochondrial mem-
brane dynamics appear to precede outer mitochondrial membrane 
dynamics where examined (Cho et al., 2017; Chakrabarti et al., 2018).

Our results also provide information as to Drp1’s interaction with 
actin filaments. Both phosphomimetic mutations, as well as S579 in 
vitro phosphorylation, eliminate actin-activated GTPase activity. 
This effect suggests that the VD is involved in the actin interaction. 
Interestingly, actin still seems to synergize with Mff for activation of 
the phosphomimetics, suggesting that the important feature for this 
synergy is actin binding, not the activation that actin alone causes 
for Drp1.

It should be noted that, while the phosphomimetic S579D mu-
tant largely displays similar properties to S579-phosphorylated 

FIGURE 7:  Drp1 phosphomimetic mutants reduce the ability of actin filaments to activate wild-type Drp1. In all panels, 
the actin filament concentration is constant at 1 µM, and the total Drp1 concentration (combination of GFP-Drp1 and 
phosphomimetic mutant Drp1 without GFP) is constant at 1.3 µM. (A) Graph of Drp1 binding to actin filaments with 
varying ratios of GFP-Drp1-WT:Drp1-S579D. (B) Corresponding Coomassie gels for binding assays quantified in panel A. 
(C) GTPase activity of Drp1 at varying ratios of GFP-Drp1-WT:Drp1-S579D in the presence of actin filaments. Red point 
represents GTPase activity of GFP-Drp1-WT in the absence of actin filaments. (D) GTPase activity of Drp1 (without the 
GFP tag) at varying ratios of Drp1-WT:Drp1-S579D in the presence of actin filaments. Red point represents GTPase 
activity of Drp1-WT in the absence of actin filaments.
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FIGURE 8:  Drp1-K38A mutant stimulates the GTPase activity of Drp1-WT. (A) GTPase activity of Drp1-WT or Drp1-
K38A (1.3 µM) in the presence or absence of actin filaments (1 µM). (B) Coomassie-stained SDS–PAGE of Drp1/actin 
cosedimentation at 65 mM NaCl, with 1.3 µM Drp1-WT or Drp1-K38A and varying actin. Standards of known µM 
amounts of Drp1-WT and actin on left, pellets from sedimentation assays on right. (C) Graph of percent Drp1 in the 
pellet for Drp1-WT and Drp1-K38A as a function of actin concentration. (D) GTPase activity of Drp1 at varying ratios of 
Drp1-WT:Drp1-K38A (1.3 µM total Drp1) in the presence of actin filaments (1 µM). Black line denotes total Drp1 specific 
activity (factoring both WT and K38A mutant) while red line denotes specific activity of Drp1-WT. (E) GTPase activity of 
Drp1 at varying ratios of Drp1-WT:Drp1-K38A (1.3 µM total Drp1) in the absence of actin filaments. Black line and red 
lines as described in panel D. (F) GTPase activity of Drp1 at varying ratios of Drp1-DM:Drp1-K38A (1.3 µM total Drp1) in 
the presence of actin filaments (1 µM). Black line denotes total Drp1 specific activity (factoring both Drp1-DM and K38A 
mutant) while red line denotes specific activity of Drp1-DM. DM, dimer mutant.
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Drp1, the effects of phosphorylation are generally more pronounced. 
In particular, activation by CL-containing vesicles, as well as the syn-
ergy between actin and Mff, is practically eliminated for Drp1-phos-
phoS579, whereas it is partially inhibited for Drp1-S579D.

It is important to point out aspects of our study that merit more 
testing. One aspect is the effects of phosphorylation on all physio-
logically-expressed Drp1 isoforms (mentioned earlier in the Dis-
cussion). Another aspect is the effect of Drp1 phosphorylation on 
its interaction with MiD51, because we only test MiD49 here. 
While our recent results suggest that MiD49 and MiD51 respond 
similarly to their activator (fatty acyl-CoA; Liu et al., 2023), it is pos-
sible that MiD51 could interact differentially with phosphorylated 
Drp1. In addition, the issue of how phosphorylation or the phos-
phomimetic mutants influence binding to specific activators must 
be examined in more detail, because the experiments conducted 
here (cosedimentation) were only carried out for a subset of activa-
tors (actin filaments and Mff), and in the case of Mff were not con-
ducted in a manner that allows determination of interaction affin-
ity. Finally, detailed structural analysis (such as by electron 
microscopy) of Drp1 conformation when in the GTP-bound state 
or on CL-containing membranes, actin filaments, or MiD49 oligo-
mers would provide information as to the manner in which S579 
and/or S600 phosphorylation affect Drp1 packing during oligo-
merization or activation.

Finally, the inhibitory effect of Drp1-S579D on WT Drp1 GTPase 
activity is likely due to the decreased oligomerization of the mutant, 
which decreases the interactions between G domains necessary for 
GTPase activation. In contrast, the K38A mutation might activate 
WT Drp1 by stabilization of the oligomeric state. A similar effect of 
the equivalent mutation in dynamin-1, K44A, was described many 
years ago (Warnock et al., 1996). These results emphasize the effect 
of oligomerization on Drp1 activity, with mechanisms that increase 
oligomerization being likely to increase GTPase activity.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Methods
Plasmids.  For bacterial expression, full-length of human DRP1 
isoform 3 (NP_055681.2, UniProt ID O00429-4), Drp1 isoform 6 
(UniProt ID O00429-6), truncated human MFF isoform 4 (UniProt ID 
Q9GZY8-4; MFF-∆TM), and MiD49∆1-124 (mouse amino acids 125-
454, UniProt ID Q5NCS9) have been described previously (Hatch 
et al., 2016; Osellame et al., 2016; Liu et al., 2023). Quick Change 
mutagenesis was performed to make Drp1 mutants K38A, S579D, 
S600D, and Drp1 dimer mutant (Drp1-DM; Fröhlich et  al., 2013; 
Hatch et al., 2016). For GFP-Drp1, Drp1 isoform 3 is expressed with 
an N-terminal eGFP tag (A206K mutant to reduce GFP dimerization) 
using the pET-16b vector (Novagen, EMD Millipore, Billerica MA), as 
previously described (Hatch et  al., 2016). Briefly, the expressed 
construct contains the following sequence elements (from N- to 
C-terminus): FLAG tag, 2xStrep affinity tag separated by a Gly-Ser 
linker, HRV3C protease site, GFP A206K mutant, Drp1 isoform 3. 
During purification, HRV3C cleavage results in retention of only the 
GFP and Drp1 sequences in the construct. The amino acid 
sequences of the construct precleavage and postcleavage are given 
in Supplemental Figure S4. A previous report found that bacterially-
expressed Drp1 that was N-terminally GFP-tagged was significantly 
compromised in terms of GTPase activity (Montecinos-Franjola 
et al., 2020). Our GFP-fusion construct does not display reduced 
GTPase activity, either in this work or in our previous work (Hatch 
et  al., 2016; Liu et  al., 2021). Possible reasons for differences 

between the constructs are: use of a 6His tag and Ni-NTA 
chromatography in (Montecinos-Franjola et al., 2020) versus 2Strep 
tag purification in this study, retention of the N-terminal 6His tag on 
the construct used in (Montecinos-Franjola et al., 2020), differences 
in the length/sequence of the linker between GFP and Drp1 (our 
linker shown in Supplemental Figure S4, nature of the linker in is 
[Montecinos-Franjola et al., 2020] unclear), or differences in other 
purification/storage techniques.

Protein expression, purification.  All Drp1 constructs were ex-
pressed and purified as previously described with modifications 
(Hatch et al., 2016). Briefly, DRP1 construct was expressed in One 
Shot BL21 Star (DE3) Escherichia coli in LB broth, induced by 
isopropyl-β-D-thiogalactoside (IPTG) at 16°C for 16 h when OD600 
reached to 1.5. Cell pellets were resuspended in lysis buffer 
(100 mM Tris-Cl, pH 8.0, 500 mM NaCl, 1 mM dithiothreitol [DTT], 
1 mM Ethylenediaminetetraacetic acid [EDTA], 2 µg/ml leupeptin, 
10 µg/ml aprotinin, 2 µg/ml pepstatin A, 2 mM benzamidine, 
1 µg/ml ALLN, and 1 µg/ml calpeptin) and lysed using a high-pres-
sure homogenizer. The lysate was cleared by centrifugation at 
40,000 rpm in Ti-45 rotor for 1 h at 4°C. Avidin (20 µg/ml; PI-21128; 
Thermo Fisher Scientific, Waltham, MA) was added to the superna-
tant, and then was loaded onto Strep-Tactin Superflow resin 
(2-1206-025; IBA, Göttingen, 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 
protease in lysis buffer without protease inhibitors was added for 
16 h at 4°C. The Strep-Tactin Superflow eluate was further purified 
by size exclusion chromatography on Superdex200 with DRP1-
S200 buffer (20 mM HEPES pH 7.5, 150 mM KCl, 2 mM MgCl2, 
1 mM DTT, 0.5 mM EGTA), spin concentrated, frozen in liquid 
nitrogen, and stored at −80°C.

MFF-∆TM was expressed in RosettaTM2 BL21-(DE3) Escherichia 
coli (71400; EMD Millipore Corporation, Burlington, MA) in LB 
broth, induced by 1M IPTG at 30°C for 4 h when OD600 reached to 
1.5. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl, 
pH 7.5, 500 mM NaCl, 20 mM imidazole, pH 7.5, 1 mM DTT, 1 mM 
EDTA, 2 µg/ml leupeptin, 10 µg/ml aprotinin, 2 µg/ml pepstatin A, 
2 mM benzamidine, 1 µg/ml ALLN, and 1 µg/ml calpeptin) and 
lysed using M-110 microfluidizer processor. The lysate was cleared 
by centrifugation at 40, 000 rpm in Ti45 for 40 min at 4°C, the super-
natant was saved. Affinity capture was performed using FPLC and a 
HiTrap IMAC column (17-5248-01, GE Healthcare, Chicago, IL) 
equilibrated with IMAC-A buffer (50 mM Tris-HCl pH 7.5, 0.1 M 
NaCl, 20 mM imidazole). Cleared lysate was loaded onto the col-
umn 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-HCl pH 7.5, 0.1 M NaCl, 500 mM imid-
azole): step1 10% IMAC-B for 5CV, step2 20% IMAC-B for 5CV, 
step3 100% for 5CV. 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 anion ex-
change column (54816, EMD Millipore Corporation, Burlington, 
MA). The column was washed to baseline with IEX-A and MFF was 
eluted by IEX-B buffer (50 mM Tris-HCl pH 7.5, 1 M NaCl, 1 mM 
DTT) with a step gradient: step1 10% 5CV, linear 10-50% 30CV fol-
lowed by linear 50-100% 5CV. Peak MFF fractions were concen-
trated by reloading onto the HiTrap IMAC column and eluted with 
100% IMAC-B step wash. MFF fractions were pooled and further 
purified by size exclusion chromatography on Superdex200 with 
S200 buffer (20 mM HEPES, pH 7.4; 2 mM MgCl2, 0.5 mM EGTA, 
65 mM KCl, 1 mM DTT), spin concentrated (UFC903024, EMD 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e23-11-0427
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Millipore Corporation, Burlington, MA), aliquots were frozen in liq-
uid nitrogen, and stored at −80°C.

MiD49 was expressed in One Shot BL21 Star (DE3) Escherichia 
coli (C6010-03; Life Technologies, Carlsbad, CA) in LB broth, induced 
by IPTG at 16°C for 16 h when OD600 reached 1.5. Cell pellets were 
resuspended in MiD lysis buffer (25 mM 4-[2-hydroxyethyl]-1-piper-
azineethanesulfonic acid [HEPES], pH 7.4, 500 mM NaCl, 1 mM di-
thiothreitol [DTT], 2 µg/ml leupeptin, 10 µg/ml aprotinin, 2 µg/ml 
pepstatin A, 2 mM benzamidine, 1 µg/ml calpain inhibitor I [ALLN], 
and 1 µg/ml calpeptin) and lysed using a high-pressure homoge-
nizer (M-110L Microfluidizer Processor; Microfluidics, 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 and then was loaded onto 
Pierce Glutathione Agarose (16101; Thermo Fisher Scientific) by 
gravity flow. The column was washed with 20 CV of lysis buffer with-
out protease inhibitors. To elute MiD49/51, 1 unit/µL thrombin 
(T4648, Sigma-Aldrich) or 0.01 mg/ml HRV3C protease in lysis buffer 
without protease inhibitors was added for 16 h at 4°C. The protein 
eluate was captured by HiTrap IMAC column (17-5248-01, GE 
Healthcare, Chicago, IL) and eluted by IMAC-B buffer (50 mM Tris-
HCl pH 7.5, 0.1 M NaCl, 500 mM imidazole). The His-trap protein 
eluate was further purified by size exclusion chromatography on Su-
perdex200 (GE Biosciences, Piscataway, NJ) with S200 buffer (20 
mM HEPES, pH 7.4, 65 mM KCl, 2 mM MgCl2, 1 mM DTT, 0.5 mM 
ethylene glycol tetraacetic acid [EGTA]), spin concentrated 
(UFC903024, EMD Millipore Corporation, Burlington, MA), frozen in 
liquid nitrogen, and stored at −80°C.

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 CaCl2, and 0.01% NaN3) at 4°C.

In vitro phosphorylation of Drp1 by ERK2.  For in vitro phosphory-
lation assay, 30 µM purified Drp1 or Drp1-S600D was incubated 
with 100 nM ERK2 kinase (Thermo Fisher Scientific PV3313) at 30°C 
for 4 h. Reaction was conducted in 25 mM HEPES, pH 7.4, 150 mM 
KCl, 10 mM MgCl2, 2 mM DTT, 1 mM ethylene glycol tetraacetic 
acid [EGTA]), 1% Thesit. Phosphorylated Drp1 was further purified 
by size exclusion chromatography on Superdex200 with S200 buffer 
(20 mM HEPES, pH 7.4; 2 mM MgCl2, 0.5 mM EGTA, 65 mM KCl, 
1 mM DTT), spin concentrated (UFC903024, EMD Millipore Corpo-
ration, Burlington, MA), aliquots were frozen in liquid nitrogen, and 
stored at −80°C.

Phospho-Drp1 analysis by mass spectrometry.  In vitro phos-
phorylated Drp1 were diluted in SDS–PAGE sample buffer and 
resolved by SDS–PAGE. Gels were stained with Coomassie blue 
staining. Bands were excised from the gel (2 µg Drp1) and ana-
lyzed for phosphorylated peptides by the IDEA National Resource 
for Quantitative Proteomics (Little Rock, Arkansas, USA). Three in-
dependent samples were analyzed for untreated Drp1 isoform 3, 
ERK2-treated Drp1 isoform 3, and ERK2-treated Drp1 isoform 3 
S600D mutant. Data were analyzed using Scaffold 5.3.0 (Proteome 
Software). Summary of the analysis is given in Supplemental 
Table 1. Briefly, between 92 and 95% coverage of the proteins was 
obtained. Spectral counts for phospho-S/T were obtained for 
ERK2-treated samples on the following residues percentage of 
overall phospho-counts for all samples): S579 (80%), T548/T549 
(4.5%), S136 (4.3%), S535 (3.3%),T558/T559 (2.9%), S570 (2%), 
S126 (2%), T394 (0.4%), S526 (0.4%). The following serines/threo-
nines were not covered for any of the nine samples, so assessment 

of their phosphorylation states cannot be determined: T96, S200, 
T282, and T288. Only one peptide containing S600 was identified 
for any of the nine samples (in untreated Drp1 isoform 3 sample 1) 
so S600 phosphorylation similarly was not able to be determined. 
The mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE partner reposi-
tory (Perez-Riverol et  al., 2022) with the dataset identifier 
PXD046824 and 10.6019/PXD046824.

Actin preparation for biochemical assays.  For high-speed pellet-
ing assay, actin filaments were polymerized from 20 µM monomers 
for 3 h at 23°C by addition of a 10× stock of polymerization buffer 
(200 mM HEPES, pH 7.4, 650 mM KCl, 10 mM MgCl2, 10 mM EGTA) 
to a final 1× concentration, following established procedures (Harris 
and Higgs, 2006). 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 µM actin filaments were polymer-
ized as described before. To maintain ionic strength across all sam-
ples, an actin blank was prepared 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 MgCl2, 0.5 mM EGTA, 1 mM DTT) to adjust the ionic 
strength to the same as S200 buffer before biochemical assays.

Size exclusion Chromatography assays.  Drp1 and Dpr1-
phosS579 oligomeric distribution was determined by Superose 6 
increase 10/300 GL SEC column (GE Biosciences) in S200 buffer 
(20 mM HEPES, pH7.4, 65 mM KCl, 2 mM MgCl2, 0.5 mM EGTA, 
1 mM DTT). Protein at varying concentration was loaded onto the 
column in a total volume of 500 µl and gel-filtered with a flow rate 
of 0.4 ml/min.

MiD49 oligomer preparation.  For in making MiD49 oligomer, 
100µM purified MiD49∆1-124 were incubated with 500µM Palmi-
toyl-CoA (Sigma-Aldrich, P9716) at 37°C for 1 h. Reaction was 
conducted in with S200 buffer (20 mM HEPES, pH 7.4; 2 mM MgCl2, 
0.5 mM EGTA, 65 mM KCl, 1 mM DTT). MiD49∆1-124 mixture was 
further purified by size exclusion chromatography on Superdex200 
with S200 buffer.

Liposome preparation.  All lipids were purchased from Avanti Polar 
Lipids (Alabaster, AL). Liposomes were prepared by extrusion 
through polycarbonate membranes of 250 nm pore diameter. 0% 
CL liposome contained 65% DOPC (850375P, Avanti Polar lipid) and 
35% DOPE (850725, Avanti Polar lipid). 25% CL liposome contained 
40% DOPC, 35% DOPE, and 25% CL (840012C, Avanti Polar lipid).

GTPase assay.  DRP1 (0.75 µM) was mixed with indicated concen-
trations of MiD49, MFF and/or actin filaments in S200 buffer. Sam-
ple were incubated at 37°C for 5 min. At this point, GTP was added 
to a final concentration of 500 µM to start the reaction at 37°C. 
Reactions were quenched at designated time points by mixing 15 µl 
sample with 5 µl of 125 mM EDTA in a clear, flat-bottomed, 96-well 
plate (Greiner, Monroe, NC). Six time points were acquired for all 
conditions, either in a 12-min time range, or in a 45-min time range 
depending on reaction speed. Released phosphate was determined 
by addition of 150 µl 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 determining the slope of increase in 
phosphate concentration as a function of time in the linear phase of 
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the reaction. For reactions including mixtures of WT Drp1 and Drp1-
K38A, total GTPase activity is calculated as a function of the µM 
concentration of total Drp1 (WT and K38A combined), whereas spe-
cific activity is calculated by using the μM concentration of WT Drp1 
alone. All GTPase assays have been conducted three times, and the 
error bars represent SD.

Velocity analytical ultracentrifugation (vAUC).  Analytical ultra-
centrifugation was conducted using a Beckman Proteomelab XL-A 
and an AN-60 rotor. For sedimentation vAUC, Drp1 and its mutants 
in S200 buffer (65/150 mM KCl, 1 mM MgCl2, 0.5 mM EGTA, 1 mM 
DTT, 20 mM HEPES, pH 7.4) was centrifuged at either 5000 (for 
oligomer) or 35,000 (for monomer) rpm with monitoring at 280 nm. 
Data analyzed by Sedfit to determine sedimentation coefficient, 
frictional ratio, and apparent mass. Sedimentation coefficient re-
ported is that of the major peak (at least 80% of the total analyzed 
mass) at OD280.

High-speed pelleting assay.  Interactions between DRP1 actin 
were tested in the S200 buffer; DRP1 and actin were mixed as de-
scribed and were incubated for 1 h at room temperature in a 100 µl 
volume. Interactions between DRP1 Mff were tested in the S200 
buffer containing either no nucleotide, 1 mM GMPPCP, or 1 mM 
GTP. DRP1, nucleotide and Mff were mixed and were incubated for 
10 min at 4°C in a 100 µl 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 and then resuspended in 100 µl 
of SDS–PAGE sample buffer and resolved by SDS–PAGE (LC6025; 
Invitrogen, Carlsbad, CA). Gels were stained with Coomassie 
Brilliant Blue R-250 staining (1610400, Bio-Rad, Hercules, CA), and 
band intensity was analyzed using ImageJ software. All pelleting 
assays have been repeated at least two times, and one representa-
tive experiment is shown.
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