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Summary

Mitochondria divide to control their size, distribution, turnover and function. Dynamin-related
protein (Drpl) is a critical mechanochemical GTPase that drives constriction during mitochondrial
division. It is generally believed that mitochondrial division is regulated during recruitment of
Drp1 to mitochondria and its oligomerization into a division apparatus. Here, we report an
unforeseen mechanism that regulates mitochondrial division by coincident interactions of Drpl
with the headgroup and acyl chains of phospholipids. Drpl recognizes the headgroup of
phosphatidic acid (PA) and two saturated acyl chains of another phospholipid by penetrating into
the hydrophobic core of the membrane. The dual phospholipid interactions restrain Drpl via
inhibition of oligomerization-stimulated GTP hydrolysis that promotes membrane constriction.
Moreover, a PA-producing phospholipase, MitoPLD, binds Drpl, creating a PA-rich
microenvironment in the vicinity of a division apparatus. Thus, PA controls the activation of Drpl
after the formation of the division apparatus.
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Introduction

Mitochondria are dynamic organelles that undergo regulated cycles of division and fusion.
Precise control over these cycles of division and fusion ensures an appropriate subcellular
mitochondrial distribution and their turnover when damaged (Shutt and McBride, 2012;
Youle and van der Bliek, 2012). Hyper- or hypo-activation of mitochondrial division has
been linked to many neurological and metabolic disorders (Roy et al., 2015). The conserved
dynamin-related protein 1 (Drpl) plays an essential role in mitochondrial division (Bui and
Shaw, 2013; Tamura et al., 2011). A loss of Drpl results in mitochondrial elongation and
enlargement due to unopposed mitochondrial fusion. Excessively large mitochondria escape
engulfment by autophagosomes and become severely defective in mitophagy (Tanaka et al.,
2010; Twig et al., 2008). Therefore, Drpl loss results in the accumulation of damaged,
dysfunctional mitochondria, leading to progressive neurodegeneration and fatal cardiac
failure in Drpl knockout (KO) mice (Ishihara et al., 2014; Kageyama et al., 2014; Kageyama
etal., 2012).

Drpl is a soluble protein that forms small foci on the mitochondria in cells that function as
division machinery. A current model suggests three key mechanistic steps for Drpl in
mitochondrial division: 1) the recruitment of Drpl to the mitochondria; 2) the
oligomerization of Drpl; and 3) the constriction of Drpl oligomers (Bleazard et al., 1999;
Koirala et al., 2013; Lackner et al., 2009; Sesaki and Jensen, 1999; Smirnova et al., 2001;
Yoon et al., 2001). The recruitment of Drpl to mitochondria is mediated by interactions with
outer membrane proteins such as Mff, Mid49, Mid51 and Fisl. This step is regulated via
post-translational modifications of Drpl and these outer membrane proteins (Chang and
Blackstone, 2007; Cribbs and Strack, 2007; Kashatus et al., 2015; Serasinghe et al., 2015;
Toyama et al., 2016). Oligomerization of Drpl is stimulated by GTP binding, and actin
filaments facilitate Drpl oligomerization at ER-mitochondria contact sites (Friedman et al.,
2011, Ji et al., 2015; Korobova et al., 2013; Manor et al., 2015). The constriction of Drpl
oligomers initiates mitochondrial division and is driven by GTP hydrolysis. However, it is
unknown how the constriction of Drp1 oligomers is regulated. There are many oligomerized
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Drp1 foci on mitochondria that appear not to engage in mitochondrial division (Roy et al.,
2015), suggesting the presence of an inhibitory signal that coordinates via positive cues to
precisely control the execution of mitochondrial division.

The founding member of the dynamin superfamily, endocytic dynamin, binds P1(4,5)P,
which anchors this protein to the plasma membrane via a pleckstrin homology domain
(Ramachandran, 2011). In contrast, Drpl lacks a known lipid-binding domain, and the exact
role that lipids play in the regulation of mitochondrial division is largely unknown. Here we
describe that Drp1 recognizes the headgroup of PA and the saturated acyl chains of another
phospholipid. This dual lipid interaction restrains Drpl in mitochondrial division by
suppressing oligomerization-stimulated GTP hydrolysis. These data reveal that PA, together
with saturated phospholipids, functions as a key negative regulator of constriction of Drpl
oligomers in mitochondrial division.

Results and Discussion

Drpl binds saturated PA

The structure of lipids is determined by their headgroup and acyl chains (Osman et al.,
2011). To systematically analyze the interactions of Drp1 with phospholipids, we examined
interactions of purified Hisg-Drpl with saturated and unsaturated forms of major
mitochondrial phospholipids, including phosphatidylcholine (PC), phosphatidic acid (PA),
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylserine (PS), and
cardiolipin (CL) using liposome flotation assays (Fig. 1A). Liposomes comprised of
palmitoyl-oleoylphosphatidylcholine (POPC, an unsaturated PC; 84%), fluorescent
rhodamine-PE (1%), and one of six distinct lipids with saturated or unsaturated acyl chains
(15%) were incubated with Hisg-Drpl and placed at the bottom of a sucrose gradient. After
ultracentrifugation, we collected five fractions from the top of the tube and analyzed them
using SDS-PAGE and silver staining (Fig. 1B). Greater than 80% of the liposomes floated to
the top two fractions based on rhodamine fluorescence (Fig. 1C). Drp1 was preferentially
associated with liposomes-containing PA with saturated acyl chains compared to unsaturated
acyl chains (Fig. 1D). As expected from previous studies (Bustillo-Zabalbeitia et al., 2014;
Macdonald et al., 2014; Montessuit et al., 2010; Stepanyants et al., 2015), Drp1 also
preferentially bound liposomes containing a saturated CL. Although the exact role of this
mitochondria specific phospholipid CL remains to be determined, binding to CL both
stimulates the Drpl GTPase activity that is required for mitochondrial division, and in a non-
GTPase activity-dependent manner, enables cytochrome c¢release from mitochondria during
apoptosis.

To determine how Drpl recognizes saturated PA, we used a lipid dot-blot assay (Fig. 1E-G)
and a competition assay (Fig. 1H-K). In the dot-blot assay, we incubated Hisg-Drpl with
PDVF membranes spotted with different lipids (Fig. 1E). We detected the Drp1-lipid
interactions with anti-Drpl antibodies and fluorescently-labeled secondary antibodies. The
dot-blot assays revealed that Drpl binds saturated PA with C16:0 acyl chains (DPPA) or
C18:0 acyl chains (DSPA) but not unsaturated PA with C18:1 acyl chains (DOPA) (Fig. 1F)
and other saturated lipids (Fig. 1G) with this method of lipid presentation. In a competition
assay, saturated PA (DPPA) was spotted onto PVVDF membranes and incubated with Hisg-
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Drp1 and competitor lipids in the presence of a detergent (Fig. 1H). Saturated PA (DPPA or
DSPA) successfully competed for the spotted DPPA, but the unsaturated PA (DOPA) did not
(Fig. 11). Additionally, saturated PA with short acyl chains (DCPA) (Fig. 1J) and lysoPA
with only one saturated acyl chain (stearoyl-lysoPA) (Fig. 1K) failed to compete for DPPA.
Thus, Drpl binds saturated PA via a coincident mechanism by recognizing the headgroup as
well as the saturation, number, and length of the acyl chains (Fig. S1A).

The phosphorylation of Drpl regulates its recruitment to mitochondria. To determine
whether phosphorylation controls the interaction of Drpl with saturated PA, we purified a
phosphomimetic Drpl mutant carrying the S600D mutation. Equivalent phosphomimetic
mutations have been demonstrated to inhibit the recruitment of Drpl to mitochondria and
mitochondrial division (Chang and Blackstone, 2007; Cribbs and Strack, 2007). In our lipid
dot blot assay, we found that wildtype (WT) Drpl and Drplsgoop Similarly bind to saturated
PA (DPPA) (Fig. S1B). In addition, another phosphomimetic mutant Drplss79p also bound
saturated PA normally. Phosphorylation at these sites does not appear to modulate the
association of Drpl with saturated PA.

Drpl separately recognizes the headgroup of PA and saturated acyl chains

To define the mechanism of the coincident interaction between Drpl and saturated PA, we
asked whether binding to the headgroup and acyl chains were separable by testing whether
Drp1 can simultaneously interact with the headgroup of unsaturated PA and the acyl chains
of saturated non-PA phospholipids. If the regions of Drpl that interact with the headgroup
and acyl chains are spatially separated sufficiently to reach two phospholipids, Drpl may
interact with the PA headgroup and saturated acyl chains of an adjacent phospholipid (Fig.
1L, type 2). To test this model, we performed flotation assays with Drpl and liposomes
containing unsaturated PA (DOPA) and saturated PC (DPPC). Drpl was associated with
liposomes containing both the phospholipids, but not control liposomes only containing the
saturated PC (Fig. 1M, N). Saturated acyl chains of DPPC were essential for this interaction,
as liposomes containing DOPA and unsaturated PC (DOPC) did not bind Drpl (Fig. 1M, N).
Therefore, Drpl can separately recognize the headgroup and saturated acyl chains in two
phospholipid molecules. This unique Drpl-saturated PA interaction also suggests that Drpl
penetrates the hydrophobic core of the lipid bilayer to reach acyl chains (Fig. 1L).

Drp1 contains two saturated PA binding regions: the stalk and variable domains

Drp1, which lacks a known lipid-binding motif, consists of three major domains: the
GTPase domain, the stalk domain, and the variable domain (also called the B-insert)
(Frohlich et al., 2013) (Fig. 10). To identify the saturated PA-binding regions in Drpl, we
purified the three domains from £. coli and performed liposome flotation assays (Fig. 1P, Q).
We found that the Hisg-stalk domain strongly bound saturated PA over unsaturated PA. The
variable domain also preferentially interacted with saturated PA, but to a lesser extent than
the stalk domain. Conversely, the Hisg-GTPase domain exhibited negligible interaction
levels with PA, regardless of acyl chain saturation. The combination of the stalk and variable
domains did not increase the lipid interactions in comparison with the stalk domain alone,
suggesting that these two domains mediate saturated-PA binding in an overlapping manner.
The stalk domain contains alpha-helices and unstructured loops with hydrophobic amino
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acids; the variable domain of ~100 residues is largely disordered. These unstructured regions
may mediate the insertion of Drpl into the membrane.

PA inhibits Drpl-mediated mitochondrial division

To determine the impact of Drp1-phospholipid interactions on mitochondrial division in
cells, we altered levels of PA and acyl chain saturation and examined mitochondrial
morphology and dynamics in mouse embryonic fibroblasts (MEFs). MitoPLD, a
phospholipase that is tail-anchored to the cytoplasmic surface of the mitochondrial outer
membrane, converts CL to PA there (Fig. 2A). Immunofluorescence confocal microscopy
with antibodies to the mitochondrial protein Tom20 demonstrated that mitochondria undergo
peri-nuclear aggregation upon increased expression of MitoPLD (Fig. 2B—#3) as previously
reported (Baba et al., 2014; Choi et al., 2006; Huang et al., 2011; Zhang et al., 2016). This
morphology is most likely a non-specific consequence of outer membrane protein
overexpression, as observed for catalytically inactive MitoPLDy5n-GFP (4—#3). In cells in
which MitoPLD is modestly expressed (~50% of high expression; Fig. 2B—#2 and 2C), the
mitochondria are elongated compared with controls (untransfected; Fig. 2B—#1 and S2—#1
and MitoPLDy56N-GFP; Fig. S2—#2); hence the elongation results from a MitoPLD
activity-dependent pathway. To determine if mitochondrial elongation resulted from
decreased division, we treated MitoPLD-GFP-expressing cells with carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), which induces Drp1-mediated mitochondrial
division (Li et al., 2015). FCCP fragmented mitochondria in untransfected cells, as expected
(Fig. 2D, E). Cells containing MitoPLD-GFP were resistant to FCCP-induced mitochondrial
fragmentation, indicating that MitoPLD overexpression inhibits mitochondrial division. We
showed that FCCP decreases the membrane potential similarly in both control and
MitoPLD-GFP-expressing cells using the membrane potential-dependent fluorescent dye
tetramethylrhodamine ethyl ester (Fig. S3).

In addition to stimulating mitochondrial division, FCCP also inhibits mitochondrial fusion
by inducing the proteolytic cleavage of Opal (Fig. S4A). While FCCP affects both
mitochondrial division and fusion, FCCP first fragments mitochondria due to increased
mitochondrial division. The fragmented mitochondria then remain unfused due to fusion
defects. Therefore, FCCP-induced mitochondrial fragmentation has been used extensively to
assess mitochondrial division in previous studies (Li et al., 2015; Palmer et al., 2011).
Nonetheless, to separate mitochondrial division from fusion, we used another inducer of
mitochondrial division, the calcium ionophore 4Br-A23187 (Tan et al., 2011). Unlike FCCP,
we found that 4Br-A23187 does not cause Opal cleavage (Fig. S4A). The mitochondrial
fragmentation induced by 4Br-A23187 was suppressed by MitoPLD-GFP but not by
MitoPLDy156n-GFP (Fig. S4B and C). These data further support the conclusion that
mitochondrial division is decreased upon MitoPLD-GFP overexpression.

To test whether the reduced mitochondrial division in MitoPLD-GFP-expressing cells was
caused by increased PA levels or decreased CL levels, we co-expressed MitoPLD-GFP with
HA-tagged lipin (HA-lipin 1b), a PA phosphatase that converts PA to diacylglycerol and
therefore reduces PA levels (Csaki et al., 2013; Huang et al., 2011) (Fig. 2A). Single
overexpression of HA-lipin 1b fragmented mitochondria in WT MEFs, but not in Drp1KO
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MEFs (Fig. 2F, G). This Drpl-dependent mitochondrial fragmentation was contingent on the
catalytic activity of lipin 1b (Fig. 2F, G). If the effect of MitoPLD was mediated by an
increase in PA, the co-expression of HA-lipin 1b should decrease the effect. Indeed, HA-
lipin 1b counteracted mitochondrial elongation caused by MitoPLD-GFP (Fig. 2H, I). Given
that CL acyl chains are mainly unsaturated and that the PA produced by MitoPLD is likely
unsaturated, our data suggest that MitoPLD expression promotes Drpl interactions with
unsaturated PA and saturated non-PA phospholipids (Fig 1L, type 2).

Saturated acyl chains suppress Drpl-mediated mitochondrial division

Stearoyl-CoA desaturase-1 (SCD1) converts saturated fatty acids to unsaturated ones (Paton
and Ntambi, 2009) (Fig. 3A). The products of SCD1 serve as substrates for the synthesis of
different unsaturated lipids. To assess the function of acyl chain saturation in mitochondrial
division, we treated WT MEFs with two structurally different SCD1 inhibitors: CAY 10566
and PluriSIn1 (Ben-David et al., 2013; Liu et al., 2007) (Fig. 3B, C). After incubation with
these inhibitors, the mitochondria became elongated, suggesting reduced mitochondrial
division. To test this idea, we induced Drpl-mediated mitochondrial division using FCCP.
Pretreating with the SCD1 inhibitors made the cells partially resistant to FCCP-induced
mitochondrial fragmentation (Fig. 3B, C). We confirmed that FCCP decreases membrane
potential in the presence or absence of the SCD1 inhibitor using flow cytometry with the
membrane potential dye MitoLite NIR (Fig. S3). Therefore, reducing the formation of
unsaturated lipids decreases mitochondrial division (Fig. 3H). We next asked whether
overexpression of SCD1 and a concomitant increase in unsaturated lipids simulates
mitochondrial division. In WT MEFs, SCD1 overexpression induced mitochondrial
fragmentation in a Drpl dependent manner (Fig. 3D, E). We next tested how acyl chain
saturation and levels of PA impinge on mitochondrial morphology by co-expressing SCD1
(increases unsaturated acyl chains) with MitoPLD-GFP (increases PA). The mitochondria
became less elongated in the SCD1/MitoPLD-expressing cells compared with the
mitochondria in the MitoPLD-expressing cells (Fig. 3F, G). Therefore, the saturation of acyl
chains is required for PA to inhibit mitochondrial division (Fig. 3H).

MitoPLD interacts with Drplin vitro and in vivo

The mitochondrial membrane contains relatively low levels of PA (less than 5%) (Potting et
al., 2013; Zinser et al., 1991). How does Drp1 find PA in the mitochondrial membrane? One
possibility is that PA is produced near Drpl. To test this model, we asked whether Drpl
binds the PA-producing enzyme MitoPLD. We expressed GFP or MitoPLD-GFP in
HEK?293T cell and found that Drp1 specifically co-immunoprecipitated with the MitoPLD-
GFP, but not with GFP alone (Fig. 4A). To determine whether endogenous Drp1 and
MitoPLD interact /n vivo, we isolated testes from mice and immunoprecipitated MitoPLD
using anti-MitoPLD antibodies. Again, Drpl co-precipitated specifically with MitoPLD
(Fig. 4B). To ask if this interaction was direct, we purified a FLAG-tagged cytoplasmic
domain of MitoPLD (mitoPLDATM) and incubated it with Hisg-Drpl. We
immunoprecipitated Hisg-Drpl using anti-Drpl antibodies. As a negative control, we
incubated FLAG-mitoPLDATM with anti-Drp1 antibody without Hisg-Drpl. FLAG-
mitoPLDATM specifically bound Hisg-Drpl (Fig. 4C). These data suggest that MitoPLD
directly associates with Drp1 on the mitochondria and produces PA in the vicinity of Drpl,
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thereby locally increasing PA concentrations near the mitochondrial division apparatus (Fig.
4D).

In addition to Drpl, two mitochondrial fusion proteins, the outer membrane protein
mitofusin 1 and the inner membrane protein Opal, were associated with MitoPLD-GFP in
our co-immunoprecipitation study (Fig. 4A). These interactions are interesting because PA
stimulates mitofusin-mediated mitochondrial fusion (Choi et al., 2006; Huang et al., 2011).
Our data suggest that PA is also produced near mitofusin 1 to promote mitochondrial fusion.
Because Opal functions together with mitofusin 1 but not with mitofusin 2 during
mitochondrial fusion (Cipolat et al., 2004), MitoPLD may stimulate a specific type of fusion
mechanism.

PA and saturated acyl chains restrain oligomerization-stimulated GTPase activity of Drpl

To gain mechanistic insights into how saturated PA suppresses mitochondrial division, we
measured the GTPase activity of Drpl in the presence of saturated PA. We incubated Hisg-
Drp1 with unsaturated PC (POPC) liposomes containing either saturated PA (DPPA) or CL
(TPCL). It has been previously shown that CL interactions facilitate Drpl oligomerization
and lead to oligomerization-stimulated GTP hydrolysis (Macdonald et al., 2014). As
expected, TPCL/POPC liposomes stimulated the GTPase activity of Drpl compared with
POPC liposomes (Fig. 4E). In contrast, DPPA/POPC liposomes did not enhance GTPase
activity. Our data suggest that interactions with saturated PA do not stimulate the enzymatic
activity of Drpl and instead keep this protein inert on the surface of the membrane. To test
this model, we examined Drpl foci that were formed by Drpl oligomerization on
mitochondria in MitoPLD-overexpressing cells (Fig. 4F, G, H) or SCD1-inhibitor-treated
cells (Fig. 41, J, K) using immunofluorescence microscopy with antibodies to Drp1 and
Tom20. MitoPLD and SCD1 inhibitors significantly increased the size of the Drpl foci (Fig.
4G, J). Furthermore, we found significant decreases in the relative number of Dprl foci
associated with the tips of mitochondrial tubules, which are indicative of recent division
events, in MitoPLD-overexpressing cells (Fig. 4H) and SCD1 inhibitor-treated cells (Fig.
4K). These data suggest that the PA headgroup and acyl chains of saturated phospholipids
restrain oligomerized Drpl from constricting mitochondria by suppressing the activation of
GTP hydrolysis, enabling continuous growth of the Drp1 foci.

In this study, we reveal a previously unrecognized mechanism for mitochondrial division via
coincident Drp1-PA interactions. We propose that this protein-lipid interaction suppresses
the activation of GTP hydrolysis that is required for constriction of mitochondria after Drpl
oligomerization. Our data also suggest that MitoPLD creates an inhibitory
microenvironment in the vicinity of the mitochondrial division apparatus. Previous studies
have shown that PA stimulates mitofusin-mediated mitochondrial fusion by changing the
biophysical property of the outer membrane (Choi et al., 2006; Huang et al., 2011; Zhang et
al., 2016). Considering the crucial roles of mitochondrial shape in the control of function,
distribution and turnover of this essential organelle, we propose that synthesis of PA
coordinates division and fusion to orchestrate dynamic changes in mitochondrial shape.
Such control provides a robust intrinsic mechanism to maintain the integrity of mitochondria
that continuously grow by importing proteins and lipids. In addition, PA may also function

Mol Cell. Author manuscript; available in PMC 2017 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adachi et al. Page 8

as a signaling molecule that regulates mitochondrial shape in response to stress to maintain
bioenergetic status in cells or to remove dysfunctional mitochondria producing excess
reactive oxygen species. Since mitochondrial division and saturated lipids are linked to
many human diseases, our findings may contribute to understanding and treating these
diseases.

Experimental Procedures

Plasmids

Drp1 and its domains and the cytoplasmic domain of MitoPLD were cloned into pET15b.
SCD1 was cloned into the pcDNA3.1.

Protein purification

Recombinant Hisg-tagged proteins were purified using Ni-NTA beads from Rosetta 2(DE3)
pLysS cells. The purified proteins were stored at —80°C.

Liposome floatation assay

Recombinant proteins were incubated with unilamellar liposomes and analyzed by a sucrose
density gradient. Each fraction was analyzed by SDS-PAGE and silver staining.

Detailed experimental procedures, plasmids, protein purification, lipid binding assays,
immunofluorescence microscopy, GTPase assay, immunoprecipitation, and protein binding
assay are available in Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Coincident interaction of Drpl with saturated PA
(A) Liposome floatation assays. After ultracentrifugation, we collected five fractions from

the top and then analyzed the Drpl-liposome association in (B). Rhodamine-PE
fluorescence in (C) and Drpl band intensity in (D) were normalized to the volume of
fractions (Mean £ SEM; n = 3). (E) Lipid dot-blot assays. (F and G) Hisg-Drpl was
incubated with PVDF membranes spotted for the indicated lipids in (F) or PIP strip (Echelon
P-6001) in (G), and then detected Drp1-lipid interactions using anti-Drp1 antibodies (Mean
+ SEM; n = 3). (H) Lipid competition assays. (I-K) Drpl was incubated with membranes
spotted for DPPA in the presence of the indicated lipids. (L) Model for Drpl-phospholipid
interactions. (M and N) We analyzed interactions of Hisg-Drpl with the indicated liposomes
using floatation assays. (O) Domain structure of Drpl. (P and Q) Different domains were
analyzed in the liposome floatation assay (Mean + SEM; n = 3). “n” indicates the number of
independent experiments. Student’s #test: *p< 0.05. See also Figure S1.
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Figure 2. Suppression of Drpl-mediated mitochondrial division by PA
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Elongated

Fragmented

mitoPLD-GFP Elongated

Fragmented

(A) Conversion of lipids mediated by MitoPLD and lipin. MEFs were transfected with

MitoPLD-GFP in (B) or catalytically inactive MitoPLDy156n-GFP in Sup
3. We quantified GFP intensity along the lines #1-3. Mitochondrial shape

plementary Figure
was visualized

using immunofluorescence with anti-Tom20 antibodies. The boxed regions are
enlargements. (C) Quantification of mitochondrial morphology in cells modestly expressing
MitoPLD-GFP or MitoPLDH15gn-GFP. Mean £ SD (n = 3, 90 cells). (D and E)
Mitochondria were analyzed in MEFs modestly expressing MitoPLD-GFP or
MitoPLDH5gn-GFP after FCCP treatment for 30 min. The boxed regions are enlargements.

Mean + SD (n = 3, 90 cells). (F) WT and Drp1KO MEFs were transfected

with HA-lipinlb,

which converts PA to diacylglycerol, or enzymatically inactive HA-lipinp712a. The cells
were subjected to immunofluorescence microscopy with anti-Tom20 antibodies. (G) We
quantified mitochondrial shape. Mean + SEM (n = 3, 90 cells). (H and I) Mitochondrial
morphology was examined in MEFs modestly expressing MitoPLD-GFP in the presence or
absence of HA-lipin using immunofluorescence microscopy. Mean £ SD (n = 3, 90 cells).
“n” indicates the number of independent experiments. Student’s #test: ***p< 0.001. Bar, 10

um. See also Figure S2, S3 and S4.
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Figure 3. Reduction of mitochondrial division via saturation of acyl chains
(A) SCD1 mediates the desaturation of fatty acid acyl chains. (B and C) After incubation

with SCD1 inhibitors, CAY10566 (CAY) and PluriSIn1 (Plu), WT MEFs were treated with
10 uM FCCP for 30 min. Mitochondrial shape was analyzed using immunofluorescence
microscopy with anti-Tom20 antibodies. Mean + SD (n = 3, 90 cells). (D and E) WT and
Drpl1KO MEFs were transfected with SCD1 and analyzed for mitochondrial morphology
using immunofluorescence microscopy. Mean + SD (n = 3, 90 cells). (F and G) We
examined mitochondria in WT MEFs mildly expressing MitoPLD-GFP in the presence or
absence of SCD1. Mean + SD (n = 3, 90 cells). (H) Summary of the effects of PA and
saturated acyl chain on mitochondrial shape. “n” indicates the number of independent
experiments. Student’s #test: **p< 0.01; ***p< 0.001. Bar, 10 um.
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Figure 4. Mechanism of phospholipid-mediated suppression of mitochondrial division
(A) Cells expressing MitoPLD-GFP or GFP were subjected to immunoprecipitation using

anti-GFP antibodies. Drpl, Mfnl and Opal specifically bind mitoPLD-GFP. (B) Mouse
testes were subjected to immunoprecipitation using anti-MitoPLD antibodies. Drpl
specifically bind MitoPLD. (C) A FLAG-tagged cytoplasmic domain of MitoPLD
(mitoPLDATM) was incubated with Hisg-Drp1, and Hisg-Drp1 was pulled down with anti-
Drp1 antibodies. Drpl directly binds mitoPLDATM. (D) Model for inhibitory lipid
microenvironment created by the Drp1-MitoPLD interaction. (E) The GTPase activity of
Hisg-Drpl was measured in the presence of the indicated liposomes. Saturated PA
containing liposomes does not stimulate the GTPase activity of Drpl. Mean + SEM (n = 5).
(F-K), WT MEFs expressing MitoPLD-GFP or MitoPLDy56n-GFP (F, G and H) or treated
with SCD1 inhibitors (1, J and K) were subjected to immunofluorescence microscopy with
antibodies specific for Tom20 and Drp1. The sizes of the Drp1 foci in the mitochondria were
quantified (G and J). Red lines correspond to means (more than 300 Drpl foci were
analyzed). The relative abundance of Drpl foci associated with the tips of mitochondrial
tubules was determined (H and K). Mean + SEM (n = 10 cells). Student’s #test: **p< 0.01,
***p< 0.01. Bar, 10 pm.
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